Volume 70C 
Number 2 
Apr.-June 1966 


Engineering 
and 
Instrumentation 





U.S. DEPARTMENT 
OF COMMERCE 





SECTION C 


JOURNAL OF 
RESEARCH 


NATIONAL BUREAU OF STANDARDS 





Jeurnal of Research 
of the 
Netional Bureau ef Standards 


. Engineeriag and Instrumentation 
APR.-JUNE -e 1966 
70C 


NUMBER 


Editor: Martin Greenspan 


Associate Editors: G. F. Montgomery, 
R. ¥. Smith 


Publication dates: 
Feb. 15, May 15, Aug. 15, Nov. 15, 1966 





JOURNAL OF RESEARCH 


The National Bureau of Standards 
Journal of Research reports research 
and development in the fields of ac- 
tivity shown at right. Also included 
from time to time are survey articles 
on topics closely related to the 
Bureau's scientific and technical 
program. 


The Journal is publisheid in three separate 
sections as follows: 


A. Physics and Chemistry 


Contains papers ‘ of interest primarily to 
scientists kisses ee these fields. Issued six 
times a year, ual subscription: domes- 
tic, $5.00; foreign, $6.00. Single copy, $1.00. 


B. Mathematics and Mathematical Physics 


Presents studies and compilations designed. 


mcinly for the mathematician and the theo: 
retical physicist. Issued quarterly. Annual 
subscription: domestic, $2:25; foreign, $2.75. 
Single copy, 75¢. 


GC. Engineering and Instrumentation 


Reports research and development results |) 
of interest chiefly to the engineer and the ap- ” 


plied scientist. Issued quarterly. Annual 
subscription: domestic, $2.75; foreign, $3.50. 
Single copy, 75¢. : 


of Engineering Standards. Office 
cal Resources. 





The National Bureau of Standards is a principal focal point in the Federal 
Government for assuring maximum application of the physical and engineering 
sciences to the advancement cf technology in industry and commerce. Its 
responsibilities include developnjent and maintenance of the national standards 
of measurement, and the provisiaas of means for making measurements consistent 
with those standards; determiniition of physical constants and properties of 
materials; development of methoiis for testing materials, mechanisms, and struc- 
tures, and making such tests as may be necessary, particularly for government 
agencies; cooperation in the establishment of standard practices for incorporation 
in codes and specifications; advisory service to government agencies on scientific 
and technical problems; invention and development of devices to serve specicil 
needs of the Government; assistance to industry, business, and consumers in the 
development and acceptance of commercial standards and simplified trade 
pila recommendations; administration of programs in cooperation with 

nited States business groups and standards organizations for the devel: nt 
of international standards of practice; and maintenance of a clearinghouse 
for the collection and dissemination of scientific, technical, and engineering in- 
formation. The scope of the Bureau's activities is suggested in the following 
listing of its three Institutes and their organizational units. 


Institute for Basic Standards. Applied Mathematics. Electricity. Metrology. 

Mechanics. Heat. Atomic Physics. Physical Chemistry. Laboratory Astro- 

a, Radiation Physics. dio Standards Laboratory:* Radio Standards 
ysics; Radio Standards Engineering. Office of Standard Reference Data, 


Institute for Materials Research. Analyiicai Chemistry. Polymers. Metallurgy. 
Inorganic Materials. Reactor Radiations. Cryogenics.* Materials Evaluation 
Laboratory. Office of Standard Reference Materials. 


Institute for Applied Techn . Building Research. Information Technology. 
Performance Test Development. Electronic Instrumentation. Textile and Apparel 
Technology Center. Technical Analysis. Office of Weights and Measures. ce 
Invention and Innovation. Office of Techni- 
. Clearinghouse for Federal Scientific and Technical Information.** 


*Located at Boulder, Colo, 80301. 
**Located at 5285 Port Royal Road, Sprirgtield, Va. 22151. 





U.S. DEPARTMENT OF COMMERCE 


John T. Connor, Secretary 


NATIONAL BUREAU OF STANDARDS 


from the Superintende andent of Documents 
iting Office, ashington, D.C., 20402. 


approved bop the Directeslial the 





JOURNAL OF RESEARCH of the National Bureau of Standards—C. Engineering and Instrumentation 
Vol. 70C, No. 2, Aprit-June 1966 


Design and Statistical Procedures for the Evaluation 
of an Automatic Gamma-Ray Point-Source Calibrator 


S. B. Garfinkel, W. B. Mann, 
and 


W. J. Youden 


i 


Institute for Basic Standards, National Bureau of Standards, Washington, D.C. 


(December 14, 1965) 


, 


A description is given of the mechanical design and operation of an automatic gamma-ray point- 


source calibrator. 


he use of statistical design in experiments for evaluating performance factors, such as inter- 
changeability of stations and run differences using the same data obtained in comparisons of the 


sources, is described in detail. 
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1. Design and Performance of an Automatic 
Gamma-Ray Point-Source Calibrator 


Recently, in response to a need for standards for 
workers in the field of gamma-ray spectrometry, a 
gamma-ray “kit” for point-source radioactivity stand- 
ards has been developed [Hutchinson, 1960]. These 
sources are prepared from solutions which are standard- 
ized either by coincidence counting or, as in the case 
of cesium-barium-137, by measurements using the NBS 
calibrated 47ry-ionization chamber. 

The sources are prepared by depositing either 0.05 
or 0.1 ml of the calibrated radioactive solution onto 
mounts consisting of a 0.006-centimeter-thick poly- 
ester tape which is supported by an aluminum annulus 
(3.8 cm I.D., and 5.4 cm O.D.), as shown in figure 1. 
As it is desirable for all of these sources to be nominally 
the same strength and the same size, the solution is 
dispensed with an ultramicroburet [NBS Cire. 594, 
Mann and Seliger, 1958]. After drying, the sources 
are covered with another layer of the same kind of 
polyester tape. The sources are then intercompared 
with several accurately standardized sources, for the 
purpose of individual calibration. 

For several years these calibrations were performed 
manually; that is, the sources were placed, one at a 
time, in a jig which was held in a fixed position relative 
to a scintillation counter, and the count rates were 
intercompared. As part of the program to increase 
the accuracy of the standards, it was decided to design 
and construct an automatic sample changer with the 
goal of attaining source intercomparisons with a pre- 
cision of the order of 0.1 percent. 
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FIGURE 1. Source mount. 


The changer is a round turn-table of 1/4-in.-thick 
aluminum alloy having a diameter of 24 in., with source 
positions spaced at 18° intervals on the circumference 
of a circle 20 in. in diameter (fig. 2). These positions 
have 1-in.-diameter holes in which rigid plastic sample 
carriers rest. The gamma-ray point sources are held 
firmly in place on top of the carriers by the pressure of 
phosphor-bronze springs. There are 20 indexing holes 
equally spaced around the table as shown in figure 2, 
the center of each one radially in line with the center of 
a sample carrier and the center of the table, and 3/8-in. 
in. from the edge of the table. These holes, in con- 
junction with a solenoid-plunger pin, are used for 
positioning the sources above the detector. 

A shaft which is affixed to the underside center of 
the table, rests on a steel ball bearing which lies in a 
conical depression inside a supporting cylinder. 





FIGURE 2. Sample changer. 


The table is rotated by a 1/100-HP motor and two 
gears, one of which is fixed on the motor shaft, and 
coupled to the other gear which is mounted on a con- 
centric spring-loaded friction clutch on the table shaft. 

The motor is turned on and off by a miniature switch 
(S:), which is actuated by the plunger of a solenoid, 
in the following manner: 

At the conclusion of a measurement, while the data 
are being printed out onto a paper tape, a relay, K, 
(fig. 3) in the recording system is held closed. Capaci- 
tor C,, which had been charged up during the measure- 
ment period now discharges through the coil or relay 
Ko, thereby closing it for about 1.5 sec, thus energizing 
the solenoid. The solenoid-operated plunger is lifted 
from the indexing hole in the table for this brief period, 
and mechanically closes the miniature switch (S;), 
thereby starting the motor, and the table starts to 
rotate. As it takes about 5 sec for the table to rotate 
18°, relay Ky opens before the next source position is 
reached, the solenoid is de-energized and the plunger 
falls back and rests on the surface of the turn table, 
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FIGURE 3. Diagram of motor-control circuit. 


but as this is not far enough to allow switch (S;) to 
open, the motor continues to rotate the table. When 
the next source “arrives” into the counting position, 
the solenoid plunger falls into the indexing hole, thus 
stopping table rotation and opening the motor circuit. 
The purpose of the friction clutch is to allow the motor 
to slow down gradually after the table has stopped. 
The time for the sample changing is about 5.0 sec, 
while the printout takes 20 sec. Thus all changing 
operations (including the stopping of motor) stop at 
least 10 sec before the next measurement starts. 


Originally, in order to obtain reproducible source- 
to-detector distance, the table was supported under- 
neath the plunger pin by a roller bearing, and it was 
assumed that the combination of the spring-loaded 
plunger pin and the slightly loose fit of the table shaft 
would ensure this. However, after several series of 
measurements, it became apparent that sources on 
some positions of the table were yielding consistently 
erroneous values. The final design eliminated the 
effects of any defects in the table which would con- 
tribute to errors as a function of vertical displacement. 

A lucite block with ramps at each end was affixed to 
the top of the lead shield, and its dimensions are such 
that when a source and carrier come into position, they 
“ride” up the ramp approximately 1.5 mm, so that the 
carrier is actually free of the table insofar as vertical 
positioning is concerned (fig. 4). The plastic sample 
carriers are 0.425-in. thick with a tolerance of +0.002 
in. Thus, the source-to-detector distance is inde- 
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FIGURE 4. Ramp detail. 
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pendent of variations in the table thickness, and any 
deviations of flatness of the table. The only function 
of the table is to bring the sources into position above 
the detector, the vertical positioning being determined 
by the phosphor-bronze spring holding the source 
firmly against its carrier and the latter against the 
ramp. To get some idea of the reproducibility re- 
quired in positioning, it should be pointed out that 
the source is approximately 6 in. from the detector; 
thus, a change in vertical position of 0.006-in. produces 


1 
a’ 


a change of 0.2 percent in the count rate (n« 


iar a 


An « 


2. Description of Auxiliary Instrumentation 


The gamma-ray detector consists of a 3-in. by 3-in. 
thallium-activated sodium iodide crystal, coupled to a 
3-in. electron-multiplier phototube. The associated 
electronics consist of an amplifier, and gain-stabiliza- 
tion circuit [DeWaard, 1955], which compensates 
for shift in gain in either the phototube, amplifier, or 
high voltage supply (this latter being part of the stabi- 
lizer). The detector is situated in a lead pig, with 
walls 17/2-in. thick (fig. 5). The aperture at the top of 
the shield was made small to lessen detection of 
unscattered gamma radiation from sources adjacent to 
the source being measured but large enough so that 
when the table rotates, the detector never “loses direct 
sight”’ of a source. Thus, the photopeak is always 
“present” for continuous operation of the gain- 
stabilizing circuit. The output from a single-channel 








|_LEAD 
3X3 Nal(TI) 
CRYSTAL 

DETECTOR 

















| LEAD 


|__-PHOTOTUBE 











ELECTRONIC 
PREAMPLIFIER 




















FIGURE 5. Lead pig, showing ramp and detector assembly. 


analyzer (which is also part of the stabilizer system) 
whose window is set on the photopeak is fed into a 
commercial automatic  scaler-timer-printer system. 
At the end of each source measurement, and after 
the data are printed, the scaler and timer are auto- 
matically reset, and started for the next measurement. 


3. Background Considerations 


The activity of these sources is of the order of 5 X 104 
disintegrations per second, and they are measured 
at a distance of about 6 in. from the 3X3-in. detector. 
No correction is made for the cosmic-ray background, 
which is of the order of 0.1 percent (or less), as varia- 
tions in the background affect the ratios of nearly 
equal sources negligibly. 

In the case of the 662-keV gamma-ray of barium- 
137 m, there is, for example, a relatively large back- 
ground contribution (~ 4%) to the photopeak count 
rate arising from the detection of unscattered gamma 
rays from the other 19 sources. If, then, there 
were 19 identical sources, and the twentieth were, 
say, | percent high or low, then, the relative activity 
of this odd one would be in error by 0.04 percent, if, 
as the case is, no background correciswons are made. 


4. Performance 


In order to assess the stability and reproducibility 
of the system, two experiments were performed. 
A cesium-137 source was put onto one of the sample 
carriers, and over 100 five-minute consecutive read- 
ings were taken (with no table rotation), each one con- 
sisting of some 200,000 counts. The distribution of 
the results fitted the expected distribution quite well. 

The second investigation involved the placement of 
20 sources on the table and determining (a) the relative 
gamma-ray emission rates of these 20 sources, as well 
as the bias, if any, of the 20 positions of the table. 
The statistical design and analyses of these experi- 
mental results are given in considerable detail. The 
interest centers not so much in this particular ap- 
paratus as in this type of equipment. There is in- 
creasing use of automatic equipment in the routine 
comparison of specimens. 


5. Statistical Analysis 


Industrial control laboratories and laboratories doing 
clinical tests are turning increasingly to mechanization 
of the routine operations involved in the test procedure. 
Sometimes these operations require the addition of 
reagents, mixing, and the transfer of material. The 
last step consists in bringing the prepared material 
before a testing point where a suitable device eval- 
uates the color, pH, or other property of the specimen. 
Generally this last stage consists of a device with a 
number of stations which successively -present their 
specimens to the test point. 





For many tests the equivalence of the various sta- 
tions is clearly saisfactory, provided only that the 
mechanical clearances are adequate. Should the 
position of the specimen, as determined by the station, 
be at all critical it will be necessary to demonstrate 
that the stations are in fact interchangeable. That is, 
the particular station occupied by a specimen should 
not contribute materially to the error in the evaluation 
of the specimen. Satisfactory interchangeability is 
desirable —the alternative being to determine suitable 
corrective factors for the individual stations. 

There are three ways to explore experimentally the 
performance of the individual stations. 

One procedure is to transfer the same specimen to 
every station in turn and record the reading for each 
station. This procedure will run into difficulty if the 
specimen has to be evaluated immediately, e.g., a 
color might fade. If the time spent at each station is 
fairly long, the problem of keeping the evaluating 
apparatus free from drift has also to be considered. 

A second procedure requires the availability of as 
many identical specimens as there are stations, or 
of specimens which are accurately related to each 
other. 

The above two procedures are classical and straight- 
forward. The third procedure. has the interesting 
feature that the stations can be evaluated while evaluat- 
ing the regular sequence of specimens encountered in 
the work of the laboratory. The major requirement is 
that the specimens be stable. In brief, each specimen 
is evaluated at a limited number of stations, as few as 
three or even two stations. Each station will have 
been occupied by two or three or more different speci- 
mens. The values recorded will reflect the net result 
of the specimen plus the station characteristic. In 
order to obtain hoth the specimen values and the 
station corrections, there must be at least as many 
observations as the total of specimens and stations. 
Each observation can be expressed as a function of the 
unknown values for the specimen and station and the 
set of equations can be solved. Usually additional 
observations are made and a least-squares solution 
obtained. The surplus equations afford an estimate of 
the experimental error in the observations. This 
makes it possible to test whether or not the observed 
differences between the stations exceed experimental 
errors and to attach an appropriate error to the values 
calculated for the specimens. 

If a special symmetry is used in the assignment of 
specimens to stations, then improved precision and 
ease in solving the equations results. There are cer- 
tain advantageous numbers of stations to place on a 
wheel because of the combinatorial properties of 
numbers. A simple case of a wheel with seven sta- 
tions and seven specimens, A through G, will illustrate 
the principle involved: 


Station Number 


Thus station 1 is occupied in turn by specimens A, 
B, and D and specimen A occupies stations 1, 7, and 5 
in turn. Inspection shows certain relations have 
been achieved. The three stations that are occupied 
by A also encounter the six other members of the com- 
plete set B, D, C, G, E, F, of the other specimens. 
Thus A can always be compared with any other speci- 
men occupying the same station. 

Similarly station 1 which encounters the specimens 
A, B, and D can, by means of these specimens, be 
directly compared with all the other six stations. 
Specimen A permits station 1 to be compared with 
5 and 7; specimen B compared station 1 with 2 and 6: 
and specimen D compared station ] with 3 and 4. 

Suppose we wish to evaluate station 1 in terms of 
the average performance of all seven stations. Let 
Aa, Bip, ete., represent the observation made on the 
specimen, A, B, C, etc., in the designated stations and 
runs. Consider the three observations on specimen A. 
These ubservations permit the comparison of station 
1] with the average of stations 5 and 7. It is more con- 
venient to multiply by 2 and write: 


2Aia—Azp— Ase= Ar, oe 


2Bip An Boa = Bee = Ai, 2,6. 


Similarly 


and 


2D.--Da—-Da= Ais, : 


Each equation is free of any specimen contribution. 
What about run effects? The run effects, if present, 
are designated by the letters a, b, and c. Observe 
that the sum of these three equations involves the 
subscripts a, b, and c each twice with a negative sign 
and twice with a positive sign. That is the run effects, 
if any, neatly cancel out, provided that conditions in 
each run are constant. We may, therefore, drop the 
a, b, and c subscripts and treat the differences as 
differences between stations, i.e.. 


6(1)—[2]—[3]—[4]—[5]—[6]—[7]==A 


where the station numbers are given in the brackets. 
We may add to this equation the equation 


OJ—[1]=0 


which simply says that station 1 is equal to station 1] 
(with no error of measurement). 


7 (J— {1+ [2]+...+(7}=2A. 
Dividing by 7 


[1]— mean of all stations = 5 A/7 


[1]= mean of all stations + > A/7. 





Customarily the “‘mean of all stations” is a number 
which is the average of all 2] observations. This gives 
equal weight to every station, every specimen and each 
run. The A’s are obtained directly from the obser- 
vations so that it is a simple matter to calculate a 
value for each station. These values are completely 
comparable because the specimen and run effects have 
been neatly removed making use of the special prop- 
erties associated with the above triads of letters. 

An exactly parallel procedure leads to estimates 
for each of the seven specimens, estimates that are 
corrected for any station differences. The simple 
sum of the seven observations for each run contains 
the contributions of all specimens and all stations so 
these sums may be compared directly to detect dif- 
ferences between runs. 

If this procedure shows the stations to be satisfac- 
torily equivalent there will be no need to follow any 


particular schedule in assigning specimens to stations 
and no need to make any adjustments. If there are 
important differences among the stations there is a 
choice of getting a better wheel or following a suitable 
scheme of specimen placement that will permit adjust- 
ment for station differences. 

Clearly, if there are as many specimens as stations, 
making two runs leads to a unique solution for the 
differences, but without providing an estimate of the 
experimental error. In most instances it will be de- 
sired to hold the number of runs to three or four be- 
cause the specimens have to be moved to new stations 
after each run. Several possible schemes using 3 or 
4 runs are listed in table 1. An extensive collection 
of designs is available in a Bulletin [Bose, Clatworthy, 
and Shrikhande, 1954]. 


The example with seven stations just discussed is 
particularly simple in that any given specimen is 


TABLE |. Examples of designs useful for intercomparing positions in apparatus 
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Page numbers and design identification refer to: Bose. R. C.. Clatworthy. W. H., and Shrikhande. S. S.. Tables of Partially Balanced 


Designs with Two Associate Classes. 
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North Carolina Agricultural Experiment Station Technical Bulletin No. 107 (1954). 





paired just once with all the other specimens. By 
“paired” is meant “meets on the same station.” 
This it not true for all the other designs listed in table 
1. The arithmetical procedure for computing the esti- 
mates for specimens and stations for these designs 
is given in the above mentioned Bulletin. Above 
each design in table | is given the identification num- 
ber and page reference where the design is listed in 
the Bulletin. 

Certain of the designs show a simple cyclic displace- 
ment of the specimens for the successive runs. The 
order of the columns (stations) in the designs may be 
randomized and the rows run in any order without 
changing the properties of the design. 

The apparatus described in this paper uses a wheel 
with 20 stations. We might use the design for 19 
stations and leave one station on the wheel unfilled. 
An alternative was chosen by using a design for 10 
stations and using this design twice. In effect this 
means two separate and independent sets of data and 
it was necessary to achieve some way to tie together 
all 20 stations, which was accomplished by interlacing 
the stations. First a pair from one design, then a pair 
from the second design and so on. This spread the 
two designs evenly over the whole wheel. The as- 
sumption was made that the 10 stations assigned to one 
design would have very closely the same average as the 
10 stations assigned to the other design. When 
each station is rated as a ratio to the average for the 
set to which it belongs. the 20 ratios would fairly 
reflect the differences among all the stations. 

A wheel with 25 stations could be filled with designs 
for 10 and 15 stations. By combining designs a wheel 
of any given number of stations may be accommodated. 

The general availability of computers will probably 
mean that the matrix of equations will be solved with 
their help. The particular merit of these designs is 
that the solution can be obtained by inspection; thus 
consider the design for 10 stations given below: 


Station Number 


G 


B 6 


The assignment of the specimens to stations makes 
it possible to intercompare the specimens without 
introducing the differences between stations should 
these be present. Consider specimen A’ which 
appears in stations |, 4, and 6 along with specimens 
B. E: D,G: F.C. Direct comparisons of A with these 
six specimens (two at a time) is therefore possible 
staying within a station. Three other specimens, 
H. |, and J never share a station with specimen A. 
The object is to effect comparisons of A with H, I. 
and J without introducing station differences. We 


observe that stations 2 and 5 permit the comparison 
of H with B, C: E and F. Similarly stations 7 and 9 
are used to compare | with B, D; E and G._ Finally 
stations 3 and 10 provide the comparison for J with C, 
D: F and G. We may combine these three sets of 
comparisons and obtain the result that H, I, and 
J as a group may be contrasted with B, C, D, E, F, and 
G as a group. 

It was shown above that stations 1, 4, and 6 provided 
the station-free comparison of A with B, C, D, E, F, 
and G as a group. We also have just obtained the 
station-free contrast of B, C, D, E, F, and G as a group 
with the group H, I, and J. 

Therefore A can be compared with H, |, and J 
using the group, B, C, D, E, F, G, as an intermediary. 
Evidently A may be compared with all other specimens 
using only comparisons made within stations. 


We have, therefore, the following comparisons: 


2A~-8B-£ 
2A—D-—G 
2A~—-C—F 


8+C—2H 
E+F —2H 
G+E—2I 
B+D—2I 
C+D-—2) 


F+G-2J 


Note that by multiplying the first three comparisons 
by 6 and then summing them with the last six com- 
parisons, we have as a result 


36A —44B+C+D+E+F+G6+H+I+)J). 
Adding and subtracting 4A gives 
40A —4 (total of all sources). 


Dividing by 40 gives A—(average of all 10 sources) in 
terms of the differences. These operations are shown, 
for both sources and stations using actual counts, 
in tables 3 and 4. 

Imagine for a moment a perfect wheel, all stations 
identical, also identical specimens, and_ identical 
runs. The 30 observations would then be identical 
except for experimental error. In an actual experi- 
ment each observation may be regarded as undergoing 
three displacements. The specimen, the station, 
and the run all combine to effect a net displacement. 





The preceding paragraph indicates how to obtain the 
displacement contributed by specimen A. Using 
these predicted quantities, i.e., the least square esti- 
mates, a matching set of predicted expected values 
can be obtained for comparison with the actual 
observations. In fact, the sum of the squares of the 
30 discrepancies between observed and_ predicted 
values is a measure of the experimental error. 

The sum of the squares of the deviations must be 
divided by (30-1 -9-9-2) or 9 to obtain the mean square 
error. The deductions from 30 refer to the mean, 
the nine independent specimen constants, the nine 
independent station constants and two independent 
run constants. 
observation is obtained by taking the square root of 
the mean square error. 

In the present experiment a wheel with 20 stations 
was being used to intercompare sources used as radio- 
activity standards. There is no suitable standard de- 
sign for 20 stations with a limited number of inter- 
changes for the sources. Consequently the design for 
10 items with three interchanges was used twice. The 
20 stations were interlaced by assigning stations 1, 2, 
5, 6, 9, 10, 13, 14, 17, 18 to one design and the remain- 
ing 10 stations to the other design. This assumes that 
the averages for the two sets of 10 stations will each 
be representative of the wheel as a whole. This 
assumption can be verified when the data become 
available. All 20 stations can be put on a comparable 
footing by expressing each station as a percent of the 
average for the group of 10 to which it belongs: this 
assumes that the averages of the two groups of 10 
stations are the same. 


TABLE 2. Counts minus one million for each of the three stations 


occupied by each source 


Station Run | 


number 


Run Il Run tl 


Source Count“ Source Count “ Source Count * 


$2558 
50654 
12711 
37720 
10622 
36471 
41432 
39051 
36856 
$1535 
109610 


35323 
40375 
37296 
14580 
35730 
10506 
10623 
42361 
49803 
16438 
413035 


42911 
42384 
490092 
39822 
43096 
41525 
39876 
36443 
38637 
41311 

415097 


38417 
35271 
36910 
13.440 
38773 
37316 
35733 
37663 
35491 
37916 
376930 


37985 
38203 
38137 
39107 
37635 
42288 
36176 
37996 
38815 
40813 
387155 


36523 
35817 
38110 
37974 

10225 
37859 
38121 
35500 

42263 
34940 

377332 




















* Actual counts diminished by one million. 


Twenty sources, identified by letters, were assigned 
to the 20 stations as shown in table 2. Once the 
sources were assigned to the stations for the first 
run, the wheel was started and 5 min counts made at 
each station giving a count somewhat over 200,000. 
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The standard deviation of a single. 


Five revolutions of the wheel were made without dis- 
turbing the sources. The five revolutions with short 
stops makes for a more equitable sampling of the back- 
ground and machine performance during the time 
required for a run. 

At the conclusion of the first run, the sources 
were transferred to new assigned stations and another 
five revolutions made. The sources were again shifted 
for the third run. The station assignments are such 
as to make possible the intercomparison of any station 
with the other nine stations in its group without intro- 
ducing differences between the sources. Counts were 
recorded for each 5 min period. The five counts were 
summed and diminished by one million and the re- 
mainders entered in table 2. These coded values 
are all that is needed because the calculations involve 
differences between the entries in table 2. Naturally 
the raw data reflect the combined effects of sources 
and positions. Thus the simple average of the three 
A counts involves any effects associated with station 
9,5, and 13. Similarly the average of the three counts 
recorded for station 6 depends on the values for 
sources P, K, and F. The merit of the design rests 


in the ease with which the effects associated with 
individual station and sources can be disentangled. 


Tables 3 and 4 show specimen computations for 
source A and station No. 6 in the first group of 10. 
The adjustment for a source is made up of quantities 
obtained by taking differences between sources within 
the same station. Station effects are therefore not 
present. Similarly, stations are evaluated by taking 
differences between stations using the same source, 
and source effects are thereby eliminated. As a 
datum, or reference point, the average of all 30 counts 
is used. The computed adjustments are added or 
subtracted from this grand average. This gives, 
on the one hand, adjusted estimates for sources as 
though there were no differences between wheel sta- 
tions: and equally adjusted values for stations as 
though 10 identical sources had been available to 
compare the stations. 


TABLE 3. Calculation of adjustments to observed values for source, 


using source A as an example 


Station Sources 


Q—K=81244— 35730 
L —O = 74592 — 19092 
E — P = 79752 — 41432 
Total 


43096 
42711 
10623 


2418 
17211 
2303 


17096 


Multiply total by six § 102576 
K+ O — 2B= 42558 + 42911 — 70646 = 
Q + L—2B = 36856 + 49803 — 77274 = 
E+ Q—2F = 42361 + 36443 
P + K~2F =37720 + 44580 - 
O + P — 2R = 46438 + 41311 
L+E—2R =50654 + 42384 


14823 
772 9385 
78102 = 702 
79644 = 2656 
$3070 = 4679 
~80750= 12288 


Total below double line 58043 

Divide by 40= Adjustment ~ 1451 

Add grand average of 30 
counts 

Adjusted value for A 


$1258 
39807 





' The factor “six” is obtained by inspection to insure that each letter occurs equally often 
with a minus sign when the summation is made. 





TABLE 4. Calculation of adjustments to observed values for stations 
using station No. 6 as an example 


TABLE 6. “Ideal” 


values calculated using best estimates for 
stations and sources 








Source Stations 





— 6494 
3506 
87 


18] = 75440 — 40623 — 41311= 
9] = 89160 — 42558 — 43096 = 


P 
K 
F 10] = 79644 — 39051 — 40506 = 


Multiply total by six 
[18] + [10] —2[ : 


] 
BREE 


} =41535 + 41525 — 80750 = 
2] = 41432 + 42361 — 84768 = 
5] = 46438 + 42911 —85422= 
- 40622 + 39876 — 74592 = 
35730 + 36443 — 73712= 
] = 36471 + 35323 —77274= 


{14 
{10}+{ 1 


7 
17 


-9 


Total below double line 

Divide by 40= Adjustment 

Add grand average of 30 counts 
Adjusted value for station No. 6 








TABLE 5. Adjustments to station and source values and comparison 


with unadjusted values 








Station 
adjustment 


Station 
number 


Adjusted 
value 


Unadj. * 


value 


Source 
adjustment 


Source 
number 


Adjusted 
value 


Unadj. ” 


value 





Experiment I 





40264 
44471 
43033 
40707 
39816 
39501 
W644 
39285 
41765 
43095 
41258 


RPOVOC AMOS 


Averages. 





Experiment II 





37642 
36430 
37719 
40174 
38878 
39154 
36677 
37053 


38509 
37234 
38778 
35536 
37123 
37373 
37176 
37513 
42664 
38047 


Vine On kw 


oe 
EGSZZe"BAGA 


37890 
38047 


20 
Averages. 


























* The unadjusted value is the average of the three observed counts (table 2) for the 
station. 


» The unadjusted value is the average of the three observed counts (table 2) on the source. 
© Taken from table 4. 
* Taken from table 3. 


No adjustments are required for the run totals 
because the effects of all 10 sources and all 10 sta- 
tions are present in every run. Unavoidably every one 
of the 30 counts is subject to the counting error and 
any unequalized drifts in background or counting 
electronics. The adjusted values shown in table 5 
are the best estimates of source and station charac- 
teristics. We can use these adjusted values, together 
with the run averages, to compute an ideal table. In 
table 6 every actual count is replaced by an “ideal” 
value. 
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‘ 
Run number Run number 


Station Station 
No. 



































The “ideal” values are obtained by combining the 
calculated adjustment for the station, the source 
and the run and adding the result to the grand average. 
The “‘ideal’’ value for the count obtained for source 
K in station | in run 1 is obtained by taking from table 
5 the station adjustment (— 1608): the source adjust- 
ment (+ 2869): the run adjustment (—297). The run 
adjustment is the difference between the grand average 
(table 5) and the run | average (table 2). The net 
adjustment, (2869—1608—297) or 964 when added to 
the grand average, 41258, gives the “ideal” value 
of 42222 for this observation. The discrepancies 
between the actual counts and these “ideal’’ values 
computed from the best estimates are a measure of 
the errors involved. 


Table 7 lists the differences between the observed 
counts and the “ideal” values computed using the 
best estimates for sources, stations and runs. These 
best estimates impose 21 constraints on the data 
leaving nine degrees of freedom available for the esti- 
mation of error. The two error variances should be 
compared with the error variances listed in table 8 
which were obtained by the computer using unrounded 
numerical values. The average count is about 
1040000. Assuming the Poisson distribution the 
error variance should equal the mean count. Both 
estimates of error slightly exceed theory but are well 
within the limits that can be expected for estimates 
based on just nine degrees of freedom. Evidently 
the plan of work and equipment gave data which were 
close to the theoretical Poisson error. 

The mean squares shown in table 8 provide the 
means for judging whether the data provide convincing 
evidence of differences among the wheel stations. 
The ratio of the mean square for adjusted positions 
to the error mean square is the familiar statistic F. 
This ratio is 2.24 for experiment | and 1.44 for experi- 
ment 2. Both ratios are less than the 90 percent value 
(2.44) tables for nine degrees of freedom for both 
numerator and denominator. The fact that both mean 
squares do exceed the error mean square does suggest 
there may be small differences among the stations too 
small to be conclusively detected in these experiments. 
If these possible station differences are ignored, there 
would result some small increase in the error variance 


associated with the source averages. ' 





TABLE 7. Differences between observed counts and calculated values 








Experiment 1 Experiment 2 


Run number Run number 














742 
58 

— 96 
—23 
—6 
1177 
28 
—411 
— 578 























squared 10 139 049 10 951 000 


differences 


Divide by 9 
Error 
variance 


1 126 561 1 216 778 











TABLE 8. Mean squares from analysis of variance 








Mean square 
Degrees of 
freedom 


Variance 
source 





Experiment | | Experiment 2 





Runs 768 160 


Unadj. stations 
Adjuct. stations 
Unadj. sources 
Adjust. sources 
Error variance 


9 277 905 
2 526 719 
46 227 069 
39 475 883 
1 126 560 














TABLE 9. Analysis of variance ignoring stations 





Mean square 


Item Degrees freedom ee See 





Experiment I Experiment II 





Runs 
Sources 
Error 


763 160 
46 227 069 
1 826 640 


3 352 392 
10 549 753 
1 485 758 














In fact if it be assumed that the sources were as- 
signed at random to the stations, the analysis of 
variance would appear as shown in table 9. The 
small increase in the error variance results from not 
correcting for the very small differences between 
stations. 

Another way to make clear the minor contribution 
to error made by stations is to look at the amount by 
which the adjusted count for a station differs from the 
average count for all stations. The “adjusted” 
counts are adjusted to allow for the fact that different 
sources were usually in different stations. The dif- 
ferences are shown as percentages in table 10 and 
plotted in figure 6. The differences are of the order 
of one tenth of a percent which is quite reasonable 
for the counts available. The graph gives just a hint 
of a region of high values and a region of low values. 


TABLE 10. Percent by which stations differ from average station 


Station and percent | Station and percent 


0.154 
— 044 
170 
031 
020 


— 0.053 
— 034 
— 009 
— 070 
— .166 


0.035 

. 106 
— 014 
— ig 
— .099 


0.091 
— .007 

-W2 
— 028 
— .078 








Further study of the mean squares in table 8 reveals 
a much larger mean square for sources in experiment I 
than in experiment II. Source L, which is 0.844 per- 
cent above the average of all sources is largely respon- 
sible. No other source differs as much as half a 
percent from the average source. The three largest 
deviations in experiment I are 0.844, 0.492, and 
0.417. In experiment II the three largest deviations 
are 0.426, 0.279, and 0.113. Apparently experiment I 
happened to get the sources that deviated most from 
the average, whereas experiment II got sources that, 
on the whole, gave somewhat lower counts than those 
forming experiment I. This state of affairs is plainly 
revealed in figure 7. This is not to imply great varia- 
tion among the sources. All but one of the 20 sources 
fell in the range of 1 035 000 to 1 045 000 for their 
counts. The unadjusted counts are very similar to 
the adjusted counts because there was so little dif- 
ference among the stations. In no case is the dif- 
ference between observed and adjusted count as much 
as 1000. 

There remains a remark about the mean squares 
If the total exposure time remained 
the same for each run and the counting apparatus 
maintained performance, then the mean square for 
runs should approximate the mean square for error. 


found for runs. 
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Difference of each wheel station from wheel average, 
expressed in percent. 
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FIGURE 7. Adjusted counts for sources. 





The somewhat larger mean square for runs in experi- 
ment II is without significance. The mean square 
would have to exceed the error mean square by a 
factor larger than four to suggest a real difference 
between runs. 

The use of these “incomplete block” designs is 
not without a certain price. The original application 
of these designs was in agricultural field trials. If a 
large number of varieties of wheat are under com- 
parison it is clear that a block of 20 plots requires 
a large area of ground. Some of the plots will be at 
considerable distances from each other and may en- 
counter substantial differences in the soil. Experience 
showed that comparisons between widely separated 
plots are subject to greater errors than comparisons 
between nearby plots. The basic idea back of the 
incomplete block scheme was to take advantage of 
the very substantial reduction in experimental error 
that came from using small blocks. The reduction 
in error far outweighed the additional mathematics. 
The indirect comparisons are not as effective as direct 
comparisons, and therefore result in a lower efficiency. 
The efficiency of the design used in this work is ap- 
proximately 70 percent. This may be translated into 
the following terms. The standard error for the 
average of three counts with the block cesign is about 
that which would be associated with the average of 
two counts without this design. 

In agriculture the sizable reductions in error which 
resulted from using small blocks outweighed the loss 
in efficiency. The present experiment affords an 
interesting example where the reduction in error 
achieved by eliminating position contributions is 
relatively slight. On the basis of the error variances 
given in tables 8 and 9 the variance is increased from 
1.17 to 1.66 million when the position effect is left in. 
Dividing 1.17 by two and 1.66 by three gives 0.586 x 10° 
and 0.552108, respectively. as the variance for the 
source averages. All this effort would appear to 
have been to no avail. 

One important consequence did come from the use 
of the design. The design made it possible to evalu- 
ate the station effects using the same data that were 
collected to calibrate the sources. Evidence was 
obtained that the wheel stations are very closely 
identical. Actually there is no need to take account 
of wheel stations unless considerably greater counts 
are taken. In that event the contribution arising from 
station differences will be relatively more important. 
It should be pointed out that if the stations had dif- 
fered by about as much as the source. the precision 
gained by correcting for station effects would have 
been impressive. Obviously if stations differed as 
much as sources, discrimination between the sources 
becomes impossible. In this event the adjustment 
for source effects would save the day provided a 
design was used that makes such an adjustment 
possible. 

An exacting test was made of the effectiveness of 
the numerical adjustments by purposely introducing 
substantial biases into the wheel stations. Single 
cardboard shims were placed under the sources (fig. 4) 


on five of the 20 stations, so as to increase the source- 
to-detector distance. Two shims were placed on five 
other stations, three shims on still another five stations 
and the remaining five stations were left without shims. 
The stations were picked at random in allocating the 
shims. The shims stayed on the stations throughout 
the experiment. 

Twenty sources were placed on the wheel and the 
same procedure used as before. In this case three 
revolutions of the wheel constituted a run. The 
average count per source (and station) per run (sources 
remaining in their stations) was 318391. The average 
total count per source (and station) for three runs 
was three times 318391, or 955173. 


TABLE 11. Comparison of sources using biased wheel 
Each source and station expressed as a ratio to the average source and station, 








Section A | Section B 


ae 


Biased stations Biased stations 


No bias Dift Station Diff. 
"Percent No Percent 


Seurce 


Expt 1] Exp't I 


Expt I Expt I 
1.0006 
1.0016 
1.0005 
0.9997 
1.0029 
0.9989 
1.0015 
0.9980 
1.0005 
1.0014 


1.0000 
0.9998 
1.0002 
1.0012 
1.0073 
1.0000 
0.9996 

.9972 

.9984 
1.0014 


1.0024 
1.0030 
0.9964 

9986 
1.0065 
0.9987 
1.0020 
0.9992 

9981 
1.0011 


1.0198 
0.9827 
1.0081 
1.0087 
0.9795 
1.0064 
0.9928 
1.0064 
1.0210 
0.9797 


1.0219 
0.9810 
1.0087 
1.0055 
0.9818 
1.0084 
0.9905 
1.0070 
1.0190 
0.9821 


= 


0.9987 

.9986 
1.0029 
0.9966 

9964 
1.0011 
0.9992 

.9968 
1.0041 
1.0000 


0.9990 
.9995 
1.0059 
0.9970 
9977 
1.0016 
1.0007 
0.9956 
1.0020 
0.9957 


1.0005 
0.9987 
1.0043 
0.9966 
9983, 
9978 
9993 
9965 
1.0035 
0.9985 


1.0182 
0.9923 
.9806 
1.0184 
0.9952 
.9919 
1.0173 
1.0055 
0.9815 
.9940 


1.0173 
0.9927 

9812 
1.0165 
0.9942 

9924 
1.0154 
1.0076 
0.9848 

-9920 


SACs4Z 


~ 
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The above experiment was repeated and the rela- 
tive values of sources and stations computed. Table 11 
lists the results of these computations. The entries in 
section A of the table show each source as a ratio to 
the average source and in section B show each station 


as a ratio to the average station. The difference be- 
tween the stations with no shims and those with three 
shims is nearly 4 percent. In spite of these biases 
introduced into the wheel the adjusted values of the 
sources (col. 3 and 4) agree with the ratios obtained 
in another trial using the wheel without shims (col. 2). 
No adjustments were made for the ratios in column 2. 
the wheel stations being assumed to be without bias. 
In fact very slight biases do exist as shown in the 
preceding study. 

The average magnitude of the twenty differences 
between the paired estimates for the sources is 0.172 
percent and for the stations is 0.169 percent. Each 
estimate is based on about 950 000 counts. As stated 
earlier. the price of using the experimental design 
that makes possible the adjustment for the effect of 
stations, is a certain loss in efficiency. In this case 
the efficiency is about 70 percent so that the effective 





count is 950 000 X 0.70 or 665 000. The square root 
of 665 000 is 816. therefore the expected standard 
deviation of an estimate of a source is 816/665 000 or 
0.123 percent. The expected average difference be- 
tween two measurements each with standard deviation 
0.123 is obtained by multiplying by. 2/Va or 1.128. 
The theoretical average difference, 0.123 x 1.128=0.14 
is only slightly less than the experimental average 
difference. 

The good concordance between experiments [| and II 
confirms the error as calculated from the statistical 
analysis on the separate experiments. These errors 
were 0.15 and 0.14 percent. respectively. The evalua- 
tion of the sources is confirmed by the two experiments 
and the evaluation of the experimental error is also 
confirmed by the paired comparisons. 

Because sources are compared by taking ratios of 
counts, the whole statistical analysis was repeated 
using the logarithms of the observed counts. The 


analysis of variance and the adjustments in the first 


analysis were made using differences rather than 
ratios, because of the near identities of both sources 
and stations. The analysis using logarithms did not 
alter any of the conclusions. Fortunately the counts 
were large and varied over a very small range. Over 
this range the logarithms are acceptably proportional 
to the counts so that the effect of using logarithms was 
just that of changing units. 
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The data obtained with a reversing interferometer may be applied to the optical path difference 
equation for evaluating the aberration constants of alens. This paper gives the development of optical 
path difference equations for the reversing interferometer. These equations are applied to results 
obtained with two lenses and a comparison is made of values from the interferometer, geometrical 
measurements, and theoretical computation. 

The interferometer is also applied to the measurement of chromatic aberration. Some data are 
included for comparison of the interferometer results with those obtained by other methods. 

The advantages of the wave front reversing interferometer over the Twyman interferometer are 
(a) it can be adjusted to show the effects. either of spherical aberration or coma separately and inde- 
pendently of astigmatism even though they all exist together: (b) the size of the reversing interfer- 
ometer element is independent of the size of the lens to be tested; (c) thé adjustments are easier than 
those of the Twyman type: and (d) the fringes are less vulnerable to vibration effects than most other 
interferometers. 


Key Words: Aberration, interferometry, lens testing, mirror testing. 


1. Introduction 


A modification of the Késters [1]* prism interfer- 
ometer, labeled “The wavefront reversing interfer- 
ometer” by J. B. Saunders [2], is used to evaluate the 
primary monochromatic aberrations of two lenses. 
The methods and instrumentation for this application 
were described orally by Saunders [3] but details of 
the equations and method of use have not been de- 
scribed in the literature. 

Equations for optical path difference, for this in- 
terferometer, are developed from the corresponding 
equations derived by Conrady and used by Kings- 
lake [4] with the Twyman interferometer. Results 
are obtained on a simple aspheric lens and a telescope 
objective. Because both the application and analysis 
of results with this interferometer are so simple the 
amount of data used for these results is very exten- 
sive. These results are condensed into tables and 
graphs to show the good agreement obtainable with 
this interferometer and results obtained by other 
methods. 


2. Optical Path Difference Equation 


Consider parallel light falling on the front surface 
of a lens, such as a telescope objective, and arriving 
at a point M (fig. 1) displaced from the ideal image 
point M, in the Petzval surface. 

The rectangular coordinate system (x, y, z) has its 
z-axis coincident with the optic axis of the lens and 
the xy-plane coinciding with the back principal plane. 


' Based on work performed while the author was a guest worker at the National Bureau 
of Standards, 1958-1959. 

?Present address: Geographical Survey Institute, Ministry of Construction, Tokyo, 
Japan. 

% Figures in brackets indicate the literature references at the end of this paper. 
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FIGURE 1. Coordinates for Twyman lens testing interferometer and 
the Courady optical path difference formula. 
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The arrows indicate the directions of positive co- 
ordinates in the system. The yz-plane is chosen as 
the meridional plane and, therefore, contains the ideal 
image point My. The coordinates of My and M are, 
respectively, (0, h, 1) and (6¢, h+ 6h, 1+ 8/). 

If we represent the optical path of a ray of light, 
from the source to M, through the point (x,, y,) by 
F, and that through the origin by Po the formula [4] 
for the path difference is, 


Po— Pv =(1/4)ai(x3 + y?)? + (h/L)azy,(x2 + y3) 


+ (h?/21?)as(x? + 3y?) 
+ (81/207) (x5 + y2) + (Bh/D yr + (5t/Dx. = (V) 
In this formula / can be replaced by the focal length, 


f, if the lens is a telescope objective. The quantities 
a1, dz, and ag are the absolute constants for a lens 





system of a given type and size, in which higher order 
aberrations are practically negligible. The constants 
are connected with the usual geometric measures of 
aberration by the following equations: 


Longitudinal spherical aberration 
a= 27 
s*f* 





Sagittal coma 


oT gees 7 
s*h 


_ Distance between the focal lines 
as Dh? 





where 2s is the aperture of the lens. 

Longitudinal spherical aberration is positive when 
the paraxial focal length is longer than that of the 
marginal rays. Coma is positive when the absolute 
value of the )-coordinate of the paraxial image point 
is smaller than that of the intersection of the rays 
from the two extremities of the x-axis in the lens aper- 
ture. In this case the flare extends outward. The 
distance between the focal lines is positive when the 
distance from the lens to the tangential image line 
is shorter than that to the sagittal line. 

If the inverting interferometer is adjusted to receive 
the wave front, in the manner described by Saunders 
[5| (see fig. 2), the two parts of the wave front (one 
on each side of the dividing plane) are divided by 
amplitude division, and a component from one side 
is superimposed on a component from the other side 
so that interference is obtained in the regions where 
the two parts overlap. 

This folding of one part of the wave front over onto 
the other part automatically provides a measure of the 
optical path difference between two rays that are 
symmetrical with respect to the beam divider plane. 
The order of interference observed at any point repre- 
sents the difference in path between the two rays. 

lt will be convenient to use a coordinate system, for 
the reference points in the inverting interferometer, 
that is displaced and rotated relative to the xy-co- 
ordinate system shown in figure 1. The new coordi- 
nates will be represented by X and Y. See figure 3. 
We will choose the line of intersection of the dividing 
plane of the prism with the xy-plane as the X-axis. 


Mirror 


Prism 
interferometer 





4. 


FIGURE 2. Optics for testing lenses with one conjugate at infinity. 


66 


x 


\ y 
| 
\ aks iio 
~~, 
Pa on 
(X,, ¥,) (x,y) 


+Y) 
\ 





| 
Aperture Boundary — \ 


FIGURE 3. Coordinate system for the Wave Front} Rea ersing Inter- 
ferometer. | 
‘ 
The Y-axis will be chosen to pass through the origin 
of the xy-coordinate and normal to the X-axis. The 
angle between the x and X-axis is 6. The distance 
between the origins of the two coordinate systems is g. 

In general, the Y-axis need not be chosen to pass 
through the origin of the xy-axis. It should, however, 
be normal to the X-axis and g is then the distance from 
the X-axis to the origin of the xy-coordinates. The 
above special placement of the Y-axis will not restrict 
the generality of the equations to be derived if the 
analysis of the data is followed judiciously as described 
below. 

The reversing interferometer prism folds the wave 
front along the X-axis. Any two points in the lens 
aperture that are symmetrical about the X-axis appear 
to coincide in the interferometer. Let (4). y;) and 
(x2. y2) be one such pair of points. The correspond- 
ing points in the XY-coordinate system are (X,. ¥) 
and (X,. Y2). Because of symmetry about the X-axis 
it is apparent that 


X,=X,=X 


and 


(2) 


Y¥,=-¥.=Y| 

Also, it can be shown that the coordinates of one 

system are related to those of the other system by 
the following transformation equations: 

x, =X, cos 0—Y, sin 6—g sin 0. 

yi=X, sin 0+ Y, cos 6+ ¢ cos 4. 

x» =X. cos 0—Y2 sin 6— g sin 0. 


yo = Xz sin 6+ Y, cos 0+ 8 cos 0. 





The path difference for the two rays that appear to 
pass through (X,. Y;) is (pi—p2)=Pi. Values for 





p, and p» are obtained from eq (1) by putting v equal to 
1 and 2, respectively. If we then substitute for x;, 
x2, yi, and y» the equivalent functions of X,. X2. Yi, 
and Y, shown in eq (3), we obtain an equation for Pi» 
as a function of the latter coordinates. On eliminating 
X, and Y»2, by means of eqs (2), and dropping subscripts, 
we obtain . 


P/2Y = AR? + BX +C, (4) 

where R?= X?+ Y?, 
A=agt ath/f) cos 0, (5) 
B= 2arcgth/f) sin 0+ axh/f) sin 26, (6) 


and C is a function of all quantities in eqs (1), and (3), 
except the x, y, X, and Y-coordinates. 

All quantities in A, B, and C are constant for any 
one setting (adjustment of the interferometer) and con- 
sequently the coefficients themselves are also con- 
stant. In general, data from any three reference 
points are sufficient to evaluate A, B, and C, but not 
necessarily a). dz, and a3, which are the quantities 
desired. However, adjustments (values for g, h, and 
#) can be made that will permit the evaluation of the 
lens constants a;. a2, and as. A judicious choice of 
g, h, and @ will permit the evaluation of any of these 
constants from only two reference points, that are 
properly chosen. Data from several reference points 
will yield statistical values that are more precise than 
values from only two points. 


3. Analysis of Interferograms 


There are several ways that spherical aberration, 
coma, or astigmatism may be evaluated separately. 
Some of the operations for obtaining them are as 
follows: 


3.1. Spherical Aberration, «a; 


If the reference points are chosen to fall on the 
straight line, X = constant, eq (4) becomes: 


P/2Y=AR?*+ K,, (7) 


where A and kK, are constants. The slope, A, of the 
straight line P/2Y versus R? is readily obtained from 
two or more reference points. Equation (5) shows 4 
to be a linear function of g and h. If h is held con- 
stant and values are found for A that correspond to 
two or more values of g, a plot of A versus g will yield 
a straight line, the slope of which is a. 


3.2. Coma, a> 


If g is held constant (eq (5)) and values for A are 
obtained for two or more values of A, a plot of A versus 
h will yield a straight line whose slope is (a2/f) cos 0. 
Thus the value of az is readily obtained. 
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3.3. Astigmatism, a; 


It is apparent that the coefficient of astigmatism, 
a3, appears in eq (6) as a linear function of B. The 
function B, may be obtained from observation at any 
two reference points (X,;, Y:) and (X3, Y3) such that 
Y,=Y3 (fig. 3) and X:=—X3. Equation (4), for these 


two points becomes: 
AR?+ BX, + C= P2/2Y,, 
AR?— BX, +C=Ps3,/2Y,, 


where P3,;=(P3;—P,4). Taking differences, we obtain 


B=(P 12 — P34)/4X1¥ 1. 


On dropping the subscripts of X and Y, this equation 
may be written as: 


(P12 — P34)/4Y = BX. (8) 


A plot of (Pi2—Ps34)/4Y versus X will approximate a 
straight line, the slope of which is B. If we obtain 
values of B for different values of h, while g is held 
constant, it is apparent from eq (6) that a plot of the 
mean value of B (for h=+h and h=—h) versus h? 
will yield a straight line, the slope of which is (as3/f?) 
sin 20. Thus the value of ag is directly obtained. 


4. Adjustment of the Dividing Plane 


Because of the analytical form of eq (1) and the man- 
ner in which the constants, ai, a2, and ag enter it, it 
is possible to choose the adjustments of the interfer- 
ometer (values for g, h, and @) so as to favor the effect 
of any of the three aberrations. This is an outstand- 
ing advantage of this interferometer. If the source 
is located on the optic axis of the lens, then fh, and 
consequently also B, becomes zero (eq 6) and eq (4) 
becomes: 


P/2Y = AR? + Ka, 


where Ky is invariant with respect to P, Y, and R. 
There are no off-axis aberrations and, therefore, the 
interferogram shows the effect of spherical aberration 
only. 

If 6 is adjusted to equal + 90° and reference points 
are confined to the Y-axis, eq (4) becomes: 


P/2Y = aygR? + Kz (9) 


where Kz is invariant with respect to P, Y, and R. 
If the dividing plane is adjusted to coincide with the 
x-axis, in figure 3 (g=0, 0=0), eq (4) becomes: 


P/2Y = ah f)R2 + Ks (10) 


‘ 


where K, is invariant with respect to P, R, and Y. 
Spherical aberration is eliminated because its effect 





is symmetrical about the optic axis and astigmatism 
is eliminated because of its symmetry with respect 
to the X-axis. The interferogram contains the effect 
of coma only. 

If the dividing plane is adjusted to bisect the angle 
between the positive x-and y-axes (g=0, 0=45°) eq 
(4) becomes: 


P/2Y = avh|fV2 - R? + ashi f?X + Ks 


(11) 


where K; is a constant. The term containing a; is 
eliminated, the term containing a2 is reduced to WvVv2 
of its maximum and the term containing a; is a maxi- 
mum. The interferogram shows a reduced effect of 
coma and the full effect of astigmatism. 

In these special cases, the analysis can be done 
easier than for the general setting of the dividing 
plane. It is, however, preferable to follow the general 
way of analysis in order to eliminate the error due to 
locating the origin of the XY-coordinate system (error 
in g). The errors in the initial adjustment of the lens 
(error in h) is also automatically canceled out by the 
procedures to be followed. In deriving eq (4), it is 
assumed that the Y-axis passes through the origin of 
the xy-coordinates. Although we are not giving the 
proof here, it can be shown that this will not affect 
the generality of the equation as long as the procedures 
described above are followed. 


5. Experiments 


The prism used in these tests has a 3.8 cm diam, 
convex entrance face with a radius of curvature of 20 
cm. A light source is placed at the point M, (fig. 2). 
Light emerges from the curved face of the prism, 
diverging radially from the virtual source My. The 
light traverses the lens twice and returns to the point 
M2, which is conjugate to M;. 

For obtaining different values of h, the lens is rotated 
about an axis parallel to the x-axis (fig. 1), which coin- 
cides with the nodal plane. This position of the axis 
of rotation avoids shifts in the position of reference 
points, relative to the lens, when it is rotated. The 
reference marks (or points) are located between the 
lens and the mirror. 


TABLE 1. Description of lenses 





Lens number I ll 





Aspherical-plane | Acromat-doublet 


24cm 30 cm 
Focal length 200 cm 


er eee BSC-517 











Two lenses are used for these tests. For reference 
purpose they are described in table 1. 

In these experiments the lenses were adjusted to 
satisfy the conditions of eqs (9), (10), and (11). How- 
ever, the analysis is based on the general procedure 
described above. Values for A and B are obtained by 
supplying data into eq (4) and then evaluating aj, 
a», and a; from eqs (5) and (6). 

In the following tables the distance, h, is represented 
by B, where h=/f tan B. 

The reference marks used for reading the orders of 
interference are usually located so that their projec- 
tions lie on the Y-axis, at intervals of |cm. However, 
when taking data for astigmatism it is sometimes con- 
venient to choose reference points elsewhere in the 
XY-plane. 

Since the light traverses the lens twice, its effect 
on the optical path is doubled. Consequently, the path 
difference, Pi2=(p:—pz) is related to the order of 
interference, NV, by the equation 


Nr = 2P 12 


where A is the wavelength of the light. The yellow 
line of helium (A= 0.5876 yz) was used here. The unit 
used for optical path difference will be \/2, so that P12 
is numerically equal to the order of interference. 

The Kosters prism has a plane wedge [1] built into 
it. The vertex of this wedge is at a right angle to the 
dividing plane. In general the line of reference points 
is chosen either parallel or perpendicular to this wedge. 
When it is chosen parallel to it (i.e., parallel to the Y- 
axis) a constant may be added to all readings to elimi- 
nate the effect of this wedge on the data. If the line 
of reference points is parallel to the X-axis, the wedge 
must be eliminated by subtracting values from the 
reading that reduces the effect of the wedge to zero. 
These values are proportional to the magnitude of the 
wedge and to the distance from the reference point 
to the vertex of the wedge. This effect, however, 
may be regarded as a kind of error in locating the origin 
of the XY-coordinates with respect to the origin of 
the xy-coordinates (or the optical center of the lens). 
This error is eliminated by the general procedure of 
analysis described above. 

Figures 4, 5, and 6 show photographs of fringes taken 
through lens I. Figure 7 shows fringes taken through ° 
lens II. The background of fine, low contrast fringes 
in figure 7, is caused by light reflected from the two 
inner surfaces of the air spaced doublet. This light 
cannot be eliminated except by antireflecting coatings 
on the surfaces. 

To illustrate computation procedures, table 2 shows 
the observed orders of interference, N, at points along 
the Y-axis (X¥ =0) and corresponding positions (values 
for Y) of the reference points, observed in figure 6a, 
column 3 contains values for P (corrected for the prism 
wedge), in units of A/2. 

Figure 8 shows values for P/2Y (from column 4, 
table 2) plotted against Y? in eq (4). The slope of the 
best fitting, straight line through these points is the 





B= -3° 


FicuRE 4. Interferograms with Lens No. I, adjusted to g=0,'0=0, and to different 
values for B. 


best value for A. To obtain this best value would 
require least squares analysis. However, since this 
paper is intended only to show procedures and the 
good agreement found between this interferometer 
and other methods of test, a graphical determination 
of A, is assumed to be adequate. 

Values for A, corresponding to different values for 
h are plotted in figure 9. The slope of the best fitting 
straight line is (eqs 5 and 10) equal to (a,/f) cos 0. 
Multiplying the slope by f/cos @ gives the value az. 
The same procedure is used for obtaining a,._ In this 
case A is plotted against g, (eqs 5 and 9) for constant 
values of h. 

Table 3 shows readings from the interferogram, 
read along the line Y=5 cm (at different values of X) 
for pairs of points that are equal distances from the 
Y-axis but of opposite sign. The corresponding mean 
values of (P;2— Ps3)/4Y are shown in column 5. From 
eq 8, the slope, B, of the straight line (Pi2—P34)/4Y 
= BX (fig. 10) is found to be —0.126 (P/2) cm?. The 
mean value for B, in eq 6 (for h=h and h=—hA), is 
plotted against A? in figure 11. The slope of the cor- 
responding best line is (a;/f*) sin 26, from which a; 
is obtainable. 


208-651 O-66—2 


B=-6° B=6° 


FIGURE 6. Interferograms with Lens No. I, adjusted to g=0, 0= 45°, 
and to different values for B 





B=-1° 





TABLE 2. Example for computing A 
Prism and lens adjustments: g=0, 8B =6°, and @=0. 
Reference points on Y-axis (X =0). 





y | A P P/2Y 
0 | —0.6 WP) Wy becixeas 
l -3.9 -3.3 — 1.65 
2 —69 — 63 = LS? 
3 9.2 —8.6 1.43 
4 —i17 11.1 1.39 
5 13.3 12.7 1.27 
6 — 14.1 13.5 1.12 
7 14.1 =5 0.97 
8 13.1 - 12.5 78 
9 - 11.0 10.4 8 
10 7.0 6.4 a 4 
1] —25 1.9 — 29 
12 +3.5 +4.1 17 
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0.25+1.55 
A (slope) a 


= +0.0120 (3) /eme 
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FIGURE 8. Graphical determination of A from eq (4). 
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FIGURE 7. Interferograms with Lens No. Il, adjusted to g=0, 6=0 and to different 
values for h (or B). 
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FIGURE 9. Graphical determination of a2 from eqs (4), (5), and (10). 


TABLE 3. Data from figure 6a and computed results for figure 8 


Sur 


(Pi, — Psd/4Y em 


Ocm 0.8 em 

2 1s =2 3.5 0.26 
1 —3.8 —4 6.4 — 51 
6 -5.5 —6 9.4 — .76 
8 7.0 -8 13.0 1.00 
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FIGURE 10. Graph for evaluating B from eq (9). 
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FIGURE 11. Graphical determination of a; from eq (5). 


6. Results 


The data and computation used to make the com- 
parison of results by interferometry with those from 
other methods is too extensive to be included here, 
except in graphical and tabular forms. The geo- 
metrical method used for obtaining aberration con- 
stants will not be described. There are several such 
methods available. The Foucault knife edge. for 
example is one of the simplest of methods for measur- 
ing spherical aberration. When the lens specifications 
are known the aberrations can be computed from 
theory. 


6.1. Lens No. | (Aspherical, Plano-Convex) 


When only spherical aberration exists in an inter- 
ferogram (i.e., h=0) and if the lens is corrected for 
this aberration, the observed value for this aberration 
will be very small. In this case the higher order 
aberrations are dominant and eq (7) appears not to 
satisfy the data. Figure 12 shows a plot of P/2Y 
versus Y? (eqs 4 and 7) for a constant value of X. 
The slope of this curve (values for A =aj,g) is small and 
varies uniformly over a small range. 


g=2cm 
B=0° 
Slope, A=a,g 
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FIGURE 12. Graphical representation of eq (4), showing nonlinearity 
and, consequently, nonconformity to the basic optical path dif- 
ference eq (1). 


TABLE 4. Computation of az for Lens | 


Adjustments: g=0 and 6=0. 








A Af2 em A A/2 cm 


0.0032 
.0065 
.0122 


— 0.0029 
.0058 
— 0111 














The data for evaluating a. and as, from lens No. I, 
fall very nearly on a straight line. The resultant values 
for these constants are very good. Table 4 and figure 9 
show the A’s for different values of A that are used to 
evaluate a2. The slope, (a/f) cos 6, of the straight 


line in figure 9 is found to be 0.000570 (A/2)/cm?*, 


from which we obtain: 


ay =3.42 X 10-§/em?. 


Table 5 and figure 11 show the corresponding data 
and results for B. The slope B=(a3/f?) sin 20, of 
the straight line in figure 11 is found to be —0.00216 
(A/2)em*, from which we obtain: a3;= 2.59 X 10-3/em. 


TABLE 5. Computation of a3 for Lens | 
Adjustments: g=0 and 6=—90° 
Values of B are the average for h=+h and h=—h. 








B | BXN2cm?}} B |B A/2 cm*{Mean: B A/2 cm? 


—0.042 |]-1° 
—.126 ji-—2° 
—.255 }[-3° 


— 0.048 
— .128 


— .262 


—0.045 
= 127 
— .258 








Table 6 is a summary of results obtained with the 
interferometer, results by direct (geometrical) measure- 
ments, and values obtained from theory by com- 
putation. The computed values are based on third 
order aberration theory, assuming the lens to be 
plano-convex in form. Coma and spherical aberration 
were too small to be measured directly. These values 
are considered to represent good agreement between 
the different methods of test. 








TABLE 6. Summary of results for Lens I 








Coefficients 


a, X 107 em? 


a2 X 10° cm? | a3 X 10° cm 





Interferometer method 
Geometrical method 
Values computed from theory 





Very small 











TABLE 7. 


Comparison of results by interferometry, with geometrical 


measurements, and values computed from theory 








Distance between focal lines, Lens | 





Millimeter 
0.63 
2.53 
5.69 


Interferometry 


Direct 


Millimeter 


Computed 


Villimeter 
0.61 
2.44 
5.49 


10.13 9.78 














The distance between the two astigmatic focal lines 
was measured directly, for several values of B. These 
values are compared with corresponding values com- 
puted from interferometer measurements and from 
theory. Table 7 summarizes these results. 


6.2. Lens No. Il, a Telescope Objective 


When values for P/2Y, in eq (4), are plotted against 
Y? (X=constant), for obtaining A, the points fall on 
a relatively straight line for values of Y from 0 to 10 cm. 
Beyond 10 cm, they show deviations that indicate an 
increasing effect of higher. order aberrations. The 
results for g=1.5 cm are shown in figure 13 to illus- 
trate this effect. When the aperture of this lens is 
limited to 10 cm the resultant slope of the best fitting 
straight line yields a value of 1.82 X10-§/cm? for a. 

The results for coma and astigmatism, for lens II, 
are presented in figures 14 and 15, respectively. Table 
8 summarizes the results for lens II and includes cor- 
responding results obtained by direct measurement. 
Coma was too small to be measured at the angles used 
in these tests. 

A series of direct measurements was also made on 
the distance between focal lines (astigmatism) for 
this lens and the results are compared, in table 9, 
with results obtained from interferometer tests of the 
same angles (values for £). 
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FIGURE 13. Graph for evaluating a, of Lens No. II. 
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FIGURE 14. Graph for evaluating az of Lens No. I1. 
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FIGURE 15. Graph for evaluating ag of Lens No. II. 


TABLE 8. Summary of results for Lens II 








Coefficients a; X 10° cm} a2 X 107 em? 


a3 X 108 cm 





Interferometer method 
Geometrical method 


1.82 
1.93 














TABLE 9. Comparison of results by interferometry with results from 
direct measurements 








Distance between focal lines, Lens Il 





Interferometry Geometrical 





em 
0.11 

46 
1.04 
1.84 














7. Chromatic Aberration 


The change in focal distance, with change in wave- 
length of the light, can be measured very accurately 
with this interferometer. If the dividing plane of the 
prism is adjusted to pass through the focal point, 
fi, of the lens for light of wavelength A, (see fig. 16), 
and to form an angle a with the optic axis, Of;, of the 
lens the light for other wavelengths will not return 
toward fi. If f2 is the focal point for light of wave- 
length Az, this light will return toward the point 
I;, where the distance (ff—f2) equals (2—J/,). The 
points f2 and J; are on the axis of the lens but not in 
the dividing plane. The two component beams of 
Ai (one on each side of the dividing plane) will return 
toward fi. They will form two images at Mz in figure 2 
that are superimposed. The two component beams of 
Az will form two separated images at J, and J}. 

Figure 16 illustrates the relative position of points 
and lines in the image space. The distance (f, —/5) 
is approximately equal to 2(f, —f2)=2Af. If the divid- 
ing plane intersects the lens at S, which is at a distance 
g from its axis, the angle ais given by the formula, 

a= glf= dif, —1) = d/2Af. (12) 

It should be remembered that the angles € and a 
(fig. 16) are relatively small and that the distances, g 
and L, are also small compared to the focal length /f. 
The distance, L, is the distance from the dividing plane 
at S to an arbitrarily chosen reference point, T. If the 
observed difference in order of interference, between 


‘points S and 7, is N then the angle € is, given by the 
formula, 


€= d/f= Na2|(2L). (13) 


On eliminating d from eqs (12) and (13), we obtain the 
working formula, 


Af=f?Nh2/(4gL). 


All quantities on the right hand side of this formula 


may be measured and, consequently values for Af. 


are obtainable for any chosen wavelength. 


—Second Principle Plane of Lens 


“Dividing Plane 
Optic Axis 





FIGURE 16. Relative position of points and lines in the image space. 


For visual observations it is convenient to set the 
dividing plane at some chosen wavelength and observe 
values of N for all other wavelengths that are to be 
used. However, for photographing the fringes it 
was found more convenient to adjust the dividing 
plane visually at each of the several focal points and 
to use the yellow line of helium for photographing the 
fringes. These photographs permit a measure of the 
difference in focal length of the lens, for the light 
chosen, and that for helium yellow (A = 0.5876 y). 

Figure 17 shows several photographs of fringes 
produced by light of different wavelengths. The 
number of fringes in these pictures is a measure of the 
difference in focal length of lens I, for \=0.5876 uw 
and for the indicated wavelengths. Figures 18 and 19 
are graphical representations of changes in focal 
length of lens I and lens II, respectively. There is 
also included for comparison, values obtained by direct 
measurement of the focal distances. 


d= 447I h= 66788 


FIGURE 17. Photographs of fringes, with yellow light, when the prism 
is adjusted for autocollimation of light of the several indicated 
wavelengths. 
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FIGURE A plot of focal length of Lens I versus wavelength of 


light. 
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FIGURE 19. A plot of focal length of Lens II versus wavelength of 
light. 
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A new ellipsoidal mirror reflectometer is described, in which radiant flux from an infrared mono- 
chromator is focused on a specimen placed at the first focal point of the ellipsoid and a thermopile 
detector is placed at the second. Errors associated with angular and areal variations in sensitivity 
of the detector and with aberrations in the optics were largely eliminated through use of a small aver- 
aging sphere placed over the detector. Losses caused by the presence of the entrance hole in the 
ellipsoidal mirror and from mirror absorption were evaluated both theoretically and experimentally. 
Corrections for these losses permitted absolute reflectance to be obtained for both diffuse and partially 
diffuse reflecting specimens. In addition, the unique optics of the ellipsoidal mirror provide more 
versatility than is available in previous reflectometers. This versatility includes the ability to ac- 
curately measure directional-hemispherical, specular, nonspecular, and directional-annular cone 


reflectance. 


An analysis of the accuracy of the instrument indicates that an accuracy of better than 
one percent is possible for all engineering materials. 


The use of the sulfur averaging sphere also 


allowed the construction of a simple accurate specular reflectometer for calibration of the mirror 
reference standards used in these measurements. 


Key Words: Averaging spheres, bidirectional reflectance, diffuse reflectance, ellipsoidal reflectom- 
eter, infrared, infrared detectors, reflectance, reflectometer, spatial sensitivity, 
spectral reflectance, specular reflectance. 


1. Introduction 


This paper describes the development and analysis 
of an ellipsoidal mirror reflectometer, which has 
proved to be highly versatile and capable of providing 
reflectance data of high accuracy. Although the 
instrument was developed specifically for the infrared 
portion of the spectrum, it is equally applicable to the 
visible and near infrared portions. 


2. Definition of Terms 


The terminology used in this paper is that used in 
the field of radiant heat transfer. Because some of 
the terms have different meanings than are normally 
used in the field of optics, they will be defined here. 

Reflectance is the fraction of incident flux that is 
reflected by a specimen. It will vary with the wave- 
length of incident flux and with the direction of propa- 
gation, relative to the surface, of the incident and re- 
flected flux. It is thus necessary to modify the term 
reflectance to indicate the geometric and wavelength 
conditions of measurement. 


*The work described in this paper was done under NASA Contract No. R-09-022-032. 
' Present address: Dunn Assoc. Inc., 910 Laredo Road, Silver Spring. Md. 20901 
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Spectral, in a narrow wavelength bond centered at 
a specified wavelength. Spectral reflectance may be 
plotted as a function of wavelength to produce a 
spectral reflectance curve. 

Directional, in a small solid angle about a given 
direction. 

Hemispherical, in all possible directions from a 
surface. 

Diffuse, incident on a surface or reflected from a 
surface with equal radiance in all possible directions. 

Directional hemispherical reflectance is the fraction 
of the flux incident in a small solid angle Aw about the 
direction yg, 0, that is reflected into the hemisphere 
above the surface. Mathematically 


[rue 0’) cos g'da' 
ee 


4 





y.9 cos g(Aw) (1) 


in which Lg, » is the incident radiance in the solid angle 
Aw about the direction g, 0: ¢ is the angle from the 
normal to the surface and 6@ is the azimuth from some 
fixed point on the specimen. L'(g’, 6’) is the func- 
tional description of the reflected radiance in the direc- 
tion 90’. 





Specular reflectance is the fraction of the flux inci- 
dent in a small solid angle Aw centered about the 
direction ¢, @ that is reflected into a small solid angle 
w' centered about the direction ¢’, 6’, where ¢g'=¢ 
and @'=6+7. For mirror surfaces, w’ = Aw, but for 
engineering surfaces in general, w’ > Aw. The size 
of Aw and w’ should be specified in each case. Mathe- 
matically 


| L(g’, 8’) cos g'da' 





+ Pspecular — (2) 


Le. @ COS gAw 


For diffusely reflecting specimens, the defined specular 
reflectance includes the flux that is diffusely reflected 
in the specular direction. | 

Nonspecular reflectance is the directional hemi- 
spherical reflectance (eq (1)) minus the specular 
reflectance (eq (2)). 

Directional annular cone reflectance is the frac- 
tion of the flux incident in a small solid angle Aw 
centered about the direction yg’, 6’ that is reflected 
into the annular cone defined by the angles ¢; and ¢». 
Mathematically 


¥y 


¥9 20 
| | L'(¢', 8’) cos ¢’ sin gy’ dy’ dé’ 
0 





p(d.a.c.) = Le, cos pAw 


TABLE 1. Terminology: Flux Terminology“ 


F ,,=The flux reflected by the reference mirror. 

F;= The flux incident on the sample at the first 
focal point. 

F,,=The total flux reflected by the sample (not 
including interreflections). 

F..=The flux effectively absorbed by the ellip- 
soidal mirror. 

F,,~=The flux absorbed by the wire divided by 
(pow. (ie., Fw is the flux leaving the 
sample headed in the direction of the 
wires.) 

F,=The flux that is initially shaded from the 
detector by the sample divided by p.. 

Fs-=The flux’ that reaches the detector after 
multiple reflections with the sample 
divided by px. 

F,=The flux lost out the entrance hele. 

F,=The total flux crossing the fi 
(excluding detector ellipsoid 
divided by (p.)s. 

F .,;=The total flux crossing the first fucal plane 
when shield An is used divided by (p.)s1. 

F2.=The total flux crossing the first focal plane 
when shield A,» is used divided by (p.)s2. 

F4=The total flux crossing the first focal plane 
when shield Aq is used divided by (p.)a. 


' plane 
_.ianges) 


“ All fluxes are defined on the basis of the flux leaving the sample. The subscript D 
added to the subscript of any of the above fluxes implies the flux actually viewed by the 
detector when the defined flux is measured by the detector. 


Reflectance Terminology 


p.=Effective reflectance of a point on the 
ellipsoidal mirror. 
p.= Effective reflectance of the central area of 
the ellipsoidal mirror. 
(p.)s= Effective reflectance of the ellipsoidal 
mirror to the flux Fs. 
(p.)s1 = Effective reflectance of the ellipsoidal 
mirror to the flux F's). 
(pe)s2 =Effective reflectance of the ellipsoidal 
mirror to the flux Fy. 
(pe)a= Effective reflectance of the ellipsoidal 
mirror to the flux Fy. ; 
prs=The hemispherical reflectance of the 
sample. 
Phm=The hemispherical reflectance of the wef- 
erence mirror. 
Pm=The reflectance of the specular reference 
standard. 
p;=The normal hemispherical reflectance, of 
a specimen and is approximately equal 
to p(7°, 8). 
(pelw = The effective reflectance of the ellipsoidal 
mirror to the flux Fy. 
Pea= Effective reflectance of the ellipsoidal 
mirror to diffuse flux from the second 
focal point. 


Area Terminology 


A;= Area of the entrance hole. 

A,= Area of the opening of the ellipsoidal mirror 
in the first focal plane minus the area of 
the shield Ag. 

A= Area of the shield A.) in the first focal plane. 

A;,= Area of the sample in the first focal plane. 

A;, = First focal plane area of the image of the 
sphere entrance port at the second focal 
point. 

Aa= Area of the shield used to block the specular 
component. 

As.= Represents the shield used to establish 
the flux distribution for mirror loss cor- 
rections. 

Asn= Projection of Aj, from the second focal point 
onto the ellipsoidal mirror. 

As= Projection of A; from the second focal point 
onto the ellipsoidal mirror. 

As, = Projection of A}, from the second focal point 
onto the ellipsoidal mirror. 


Angle Terminology 


g=Angle of incidence, measured from the 
normal to the surface. 

6= Azimuth of incidence, measured from a 
fixed point on the specimen. 

w= Solid angle of incidence. 

gy’=Angle of reflection, measured from the 
normal to a surface. 





®’= Azimuth of reflection, measured from a 
fixed point on the specimen. 
w' = Solid angle of reflection. 


Radiance Terminology 


L=Radiance of incident flux, watts per stera- 
dian per square centimeter (projected 
normal to the direction of incidence). 

Lg, 0= unidirectional radiance. 
L' = Reflected radiance. 
L'(g',é')=Functional description of the 
radiance in the direction ¢’, 0’. 


reflected 


Miscellaneous Terminology 


7= Efficiency of the averaging sphere (i.e., the 
ratio of the flux viewed by the detector 
to that entering the sphere). 

n'=The ratio of flux leaving the entrance port 
of the sphere to that incident on the 
entrance port. 

fe = Diffuse configuration factor from the sphere 

entrance port to the ellipsoidal mirror 
(corrected for shading effects of the 
sample and sample support and for the 
effect of the entrance hole). 


3. Methods of Measuring Reflectance 


A reflectometer was desired that would measure 
absolute reflectance (fraction of incident flux reflected) 
under conditions approximating normal irradiation 
and hemispherical viewing, with an accuracy of at 
least 1 percent, of specimens at temperatures in the 
range 100 to 800 °K, and over the wavelength range of 
lto 15 pw. 

A number of different methods have been used to 
measure reflectance. Specular reflectance of mirrors 
[1]? is of minor interest here, and will not be discussed 
further. Three different types of reflectometers have 
been used to measure directional hemispherical 
reflectance: (1) integrating sphere, (2) hemispherical 
source, and (3) integrating hemisphere instruments. 

(a) Integrating sphere reflectometers [2, 3, 4| are 
widely used at wavelengths below about 2.5 yw, but are 
generally not suitable for use at longer wavelengths, 
and will not be discussed further. 

(b) Hemispherical source instruments measure the 
reflectance factor? under conditions of diffuse irradia- 
tion and directional viewing, which is equivalent to 
directional-hemispherical reflectance. The principal 
instrument of this type for use in the infrared is the 
Hohliraum reflectometer [5], in which a cooled speci- 
men is inserted into a heated blackbody cavity, where it 
is irradiated diffusely. The specimen and a spot on 
the cavity wall are viewed alternately through an 


2 Figures in brackets indicate the literature references at the end of this paper. 

3The ratio of the flux reflected directionally by a diffusely illuminated sample to that 
reflected by the diffuse complete reflector under the same conditions of irradiation and 
viewing. 


opening in the cavity, and the ratio of the two fluxes 
is reported as the reflectance. The method is useful 
in the 1 to 25 wrange. Major errors, that are difficult 
to eliminate or correct for, arise as a result of heating 
the specimen and thermal gradients in the cavity 
walls. 

(c) Integrating hemisphere reflectometers [6] make 
use of a hemisphere to focus the flux reflected by a 
specimen, located at one conjugate focus of the hemi- 
sphere, onto a detector located at a second conjugate 
focus. Major errors, which are difficult to correct 
for, arise due to spherical aberrations [7], and to 
variations in areal and angular sensitivity of the de- 
tector [8]. Several modifications [9, 10, 11] have been 
made to the basic Coblentz instrument. 

None of the above instruments meets all of the re- 
quirements stated at the beginning of this section. 
Integrating sphere instruments in general are not 
useful beyond about 2.5 ww. Hemispherical source 
instruments have no provision for chopping of incident 
flux, and hence are not suitable for measuring reflec- 
tance of hot specimens, and integrating hemisphere 
instruments have errors because the mirror does not 
satisfactorily focus the reflected flux and available 
detectors do not satisfactorily measure the reflected 
flux. Other disadvantages which limit the usefulness 
of available reflectometers include (1) errors due to 
flux losses such as those out entrance and exit ports 
which are difficult to correct for accurately, (2) lack 
of versatility; several are restricted by design to 
measurements under a single set of conditions; and 
(3) several of them can only be used to measure rela- 
tive reflectance, and hence require a reference stand- 
ard calibrated in absolute reflectance, which is not 
available, in order to give absolute reflectance. 

It was decided to build a new reflectometer that 
would meet all of the requirements previously out- 
lined. The Coblentz hemisphere reflectometer was 
modified by replacing the hemispherical mirror by an 
ellipsoidal mirror which permitted the specimen and 
detector to be separated by about 17 in., and thus 
permitted heating and cooling of the specimen without 
affecting the detector. Use of the ellipsoidal mirror, 
with specimen and detector at true foci, also greatly 
reduced errors due to spherical aberrations. 


4. Design of the Ellipsoidal Mirror 
Reflectometer 4 


The ellipsoidal mirror reflectometer (EMR) was 
initially designed in 1959, and construction was com- 
pleted in 1960 [12]. However, because of serious 
detector problems [13] and general secondary priority 
of the work, progress was slow, and the desired re- 
sults were not achieved until late in 1964. 


*Certain commerical instruments and equipment are identified in this paper in order 
to adequately specify the experimental procedure involved. In no case does such identi- 
fication imply recommendation or endorsement by the National Bureau of Standards, nor 
does it imply that the instrument or equipment identified is necessarily the best available 
for the purpose. 
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(a) Basic design. The basic design of the instru- 
ment is shown in figure 1. An ellipsoidal mirror,® 
12/4 in. in diameter and 3°/s in. high, is the principal 
feature of the design. Its focal points are located 
about 3°/s and 20%/s in. from the apex, and it has a 
linear magnification factor of about 5.7. 

The flux from a Globar source is chopped at 11.3 c/s 
and focused on the entrance slit of a Perkin-Elmer 
Model 83 monochromator. The exit beam from the 
monochromator is refocused, through a smali hole 


in the ellipsoidal mirror, onto the first focal plane of 


the ellipsoid, which is in the plane of the edge of the 
mirror, and centered on the first focal point. A 
10-junction thermopile is used as the detector, and its 
output is amplified by a synchronous amplifier. The 
angle of incidence of the incident beam on the sample 
at the first focal point is 7°. 

In the absolute mode the incident flux is measured 
with the detector at the first focal point, and the re- 
flected flux is measured with the specimen at the first 
focal point and the detector at the second focal point. 
Thus, after correcting for system losses, the absolute 
directional hemispherical reflectance is measured for 
g=7° (i.e., p(7°, 0)). In the relative mode the detector 
remains at the second focal point, and the fluxes re- 
flected by a standard and the specimen are measured. 


5Purchased from Strong Electric Corporation, City Park Avenue, Toledo, Ohio. 
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FIGURE 1. Basic design of the ellipsoidal mirror reflectometer. 


The relative measurement tends to eliminate the errors 
due to atmospheric absorption and to reduce errors 
from other sources. 

It is more convenient and accurate to use the EMR 
in the relative mode, first because it is inconvenient 
and time consuming to move the detector back and 
forth between the focal points for an absolute meas- 
urement, and second because the use of a specular 
reflectance standard does not introduce a significant 
error into the measurement, because its reflectance 
can be measured to about 0.001 [1]. 


(b) Advantages of the EMR. The EMR has the same 
inherent errors as Coblentz hemisphere systems, 
with the following exceptions: 

(1) Aberrations are reduced [7]. 


(2) The reflected flux is concentrated in a cone of 
24° half angle, instead of a whole hemisphere: hence 
detector angular sensitivity problems are greatly 
reduced. 


(3) The detector and sample are separated by 17 in., 
hence the specimen can be heated or cooled without 
affecting the detector. 


(4) The unique optical system permits accurate 
calibration of mirror and hole losses for practically 
all engineering surfaces (except diffraction gratings 
and extremely good retroreflectors). 

The optics of the ellipsoidal mirror allow accurate 
description of the distribution of the reflected flux, 
because the areal distribution of the reflected energy 
crossing the first focal plane is related precisely to the 
geometric distribution of the reflected flux for small 
areas of irradiation at the first focal point. That is, 
every direction g, @ in the hemisphere above the sur- 
face is represented by a point P in the first focal plane, 
and every solid angle centered in the direction ¢, 0 is 
represented by an area about P. Thus, it is possible 
to select the flux that the detector views, by blocking 
out the unwanted flux with a shield in the first focal 
plane. Hence, a specular component which has a 
solid angle determined by the area of the opening in 
a shield placed in the first focal plane, can be meas- 
ured. Similarly, the bidirectional reflectance for 7° 
incidence can be measured by varying the position 
of a small hole in the shield. The directional annular 
cone reflectance can be measured by use of a set of 
circular disks centered on the first focal point. Fur- 
ther, the ability to measure the geometric distribution 
of the reflected flux enables precise corrections to be 
made for the system losses, as will be described later. 


(c) Detector problems. Because of the large mag- 
nification factor of the ellipsoidal mirror, about 5.7 
linear, a large-area detector is required to view the 
entire image of the irradiated area. The irradiated 
area of the specimen is about 2 X 2 mm in size, and is 
enlarged to more than 1 X1 cm atthe detector. When 
the instrument is used in the absolute mode it must 
measure equally well the flux in a 2X2 mm image 
incident in a cone of 4° half angle centered about a 
direction 7° from the normal, and that in a 1.2 X 1.2 
cm image incident in a cone of 24° half angle centered 
about the normal. 
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Preliminary tests, in which a Golay-cell detector and 
a 10-junction thermopile detector were. used, gave 
reflectances that were in error by 40 to 50 percent. 
These large errors were later found to be due pri- 
marily to the variation in areal sensitivity of the de- 
tector [13] and overfilling of the detector sensing area. 
Detector response to the flux in a 16 in. diam beam 
was found to vary by as much as 50 percent as the beam 
was scanned across the sensitive area of the detector. 
There was also some variation of angular sensitivity, 
particularly at angles from the normal greater than 
27°. Detector response to the flux in a 3 by 3 mm 
beam centered on the sensitive area of the thermopile 
detector varied only slightly as the angle of incidence 
was changed from 0° to 27°, but fell off rapidly at 
angles greater than 27° [14, 15]. 

(d) Flux averaging devices. Several flux averaging 
devices were investigated [14, 15] and a 2-in. diam 
sphere lined with mu sulfur, as shown in figure 2, was 
selected for use with the instrument. Tests using 
the averaging sphere and the thermopile detector 
showed that the variation in areal and angular sen- 
sitivity of the combination had been reduced to a 
point where errors from this source could be almost 
completely eliminated, at wavelengths from the visible 
out to about 10m. 


5. Analysis of the EMR 


In the relative mode the EMR is used to measure 
the ratio of the flux (F,) reflected by the sample and 
the flux (F'») reflected by the reference standard (e.g., 
an accurately calibrated mirror); the reflectance 
p(7°. 9) of the sample is obtained by multiplying this 
ratio by the reflectance (pm) of the reference mirror, 
thus: 


pl -; 60) =(F;./Fm)pm. (4) 
The relation between the flux F,, reflected by the 
reference mirror and the portion of the flux Fina en- 
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tering the averaging device is simple.® The flux Fma 
is the product of the average value of reflectance 
pe of that portion of the ellipsoidal mirror receiving 
the reflected flux and the reflected flux F’,, itself, thus: 


Fina = Pe Fm. (0) 
When a diffusing sample is substituted for the refer- 
ence mirror, however, the relation between the re- 
flected flux F; and the detected flux may be more 
complex. There are four major sources of flux loss, 
and these must all be accounted for precisely: (1) A 
part, F,7 is absorbed or misdirected by the ellipsoi- 
dal mirror, (2) a part Fy is lost out the hole admitting 
the incident beam, (3) the flux scattered and absorbed 
by the wire sample supports is (pdwi'..8 and (4) the 
flux lost by sample shading is p.[ Fy, — Fs-|* (see fig. 3). 

The flux crossing the first focal plane is (psf's. 
Thus, the total flux reflected by the sample is: 


[F sp rae 


All the fluxes in ey (6) are defined on the basis of the 
flux leaving the sampie, before it is reflected by the 
ellipsoidal mirror. Since each one of these losses 
depends on the distribution of flux reflected by the 
sample, it is necessary to know something about this 
distribution. 


F,. = Fe 1 5 | ee =z F | a. Fp. (6) 


® Neglecting until later the interchange of flux between the sample 
device. 


7Note that the actual mirror loss will be taken into account by considering 
tance of the ellipsoidal mirror involved in each of the other losses: therefore. fF, does not 
directly appear in eq (6). Further, the flux terms used in this section are referenced to 
the flux leaving the sample and not the actual flux loss occurring in each case. 


and the averaging 


the reflec- 


‘(poe is the average effective reflectance of the ellipsoidal mirror for the 
tion of Fy on the mirror, where x is a variable. 

*p,. is the average effective reflectance of the central part of the ellipseidal mirror, which 
varied by less than 0.2 percent. Fy, is the flux leaving the sample on the first reflection 
that is shaded (after reflection from the ellipsoidal mirror) from the sphere entrance. Fy 
is that part of F,, that eventually reaches the sphere entrance by any path. 
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FIGURE 3.) Flux balance of a sample in the ellipsoidal mirror 
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FIGURE 4. System configuration for definition of the fluxes Fy, Fs, 
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The flux distribution throughout the system can be 
evaluated by means of shields placed in the first focal 
plane, as previously described. Thus, to aid in evalu- 
ating the fluxes in eq (6), the following fluxes are 
defined (see fig. 4): 

F,—the flux crossing the first focal plane, divided 
by the average effective reflectance of the mirror, for 
the particular distribution of F, on the mirror. 

F.,—the flux crossing the first focal plane, divided 
by (pe)si, when shield Aj, is in the first focal plane. 

F..—the fiux crossing the first focal plane, divided 
by (pe)s2, when shield S2 is in the first focal plane. 

F,—the flux crossing the first focal plane, divided 
by (p.)a. when shield D is in the first focal plane. 

The fluxes defined above can now be used to com- 
pute the losses in the system. For brevity, only the 
equation describing each loss is given. The complete 
derivation of each loss is given in [15]. 

Mirror loss, Ff: The ellipsoidal mirror will absorb 
some of the flux incident upon it. Further, since the 
mirror is not perfect, it may transmit or scatter some 
of the incident flux. Thus, it is necessary to know the 
effective reflectance p; of the mirror. This is defined 
as the ratio of the flux that reaches a predefined area 
at the second focal plane (the entrance port to the 
averaging sphere) to that incident on the ellipsoidal 


mirror from a defined area in the first focal plane (the 
irradiated area of the specimen). The “absorbed” 
flux (a= 1 —p;) includes flux lost by absorption, trans- 
mission, scattering, and optical aberrations. This 
p. was measured for the ellipsoidal mirror, and is 
reported as a function of position on the mirror in 
tables 2 and 3. Figure 5 shows the optical paths used 
in making the measurements and locations of the 
areas measured. Table 3 indicates that p,,/pe: does 
not vary with wavelength, but increases as the meas- 
ured area moves away from the apex of the mirror. 
The reflectance of the outer edge of the mirror is about 
1.5 percent higher than that of the apex. 


TABLE 2. Absolute reflectance of ellipsoidal mirror (Point 2 in fig. 5) 


1 ee 
Set #4 


Set #1 Set #2 Set #3 Average 
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0.949 0.951 0.948 0.950 
.963 959 961 962 
.969 .967 .963 -966 
971 .969 971 .970 
971 .970 .973 971 
971 .973 .970 971 
.973 .973 .974 .972 

.972 .974 973 972 
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TABLE 3. Relative reflectance of the ellipsoidal mirror as a function 
of position and wavelength * 


as nn 


35m) 45pm | 5. 


Wavelengths > 2.0 pw 





| 


Areas | 
1.000 
1.000 
1,000 
1.016 
1.001 
1.001 
1.015 
1.000 
1.002 
1.016 


1.000 
1.000 
1.001 
1.016 
1.000 
1.002 
1.014 
1.002 
1.003 
1.015 
1.000 1,000 
1.002 1.001 


1.001 
1.001 
1.015 
1.000 
1.002 
1.015 
1.001 
1.003 
1.015 
1.001 
1.002 
| 1.015 


1 
2 
3 
4 
5 
6 
7 
8 
9 


1.016 1.014 
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Average values for areas equally distant from thé apex of the ellipsoid 





1.001 


Set A” 1.001 
2 1.002 


Set B® 


1.001 1.000 1.001 
1.002 1.001 1.002 
1.014 | 1.016 1 1.015 


1.001 
1.002 
1.015 


1.001 
1.002 
1.015 


1.001 
1.002 
1.014 


























*Values are all referred to position No. 1, see figure 3. 
"Set A is composed of areas 2, 5, 8, and 11; set B is composed of areas 3, 6, 9, and 12; 
and set C is composed of areas 4, 7, 10, and 13. 


If the reflectance of the mirror were uniform, p, 
would cancel out in the computation of absolute re- 
flectance from relative measurements. Tables 2 and 
3 indicate that the flux reflected by a diffusing sample 
as measured with the EMR should be corrected for 
the reflectance of the mirror on the basis of its geo- 
metric distribution. The defined flux Fy. was used 
to compute the effective reflectance of the mirror for 
each sample measured. This leads to the following 
equations for the various effective reflectances of the 
ellipsoidal mirror. 
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Hole loss, Fn: Some of the reflected flux will escape 
through the hole in the mirror which admits the in- 
cident beam. This loss is determined by the amount 
of flux reflected by the sample in the direction of the 
hole. Previous investigators have not established 
the magnitude of this loss, which does not necessarily 
lie between the condition of no loss for a specular 
reflector and a loss based on the diffuse configuration 
factor from the sample to the hole. The flux density 
around the entrance hole can be computed from fluxes 
F, and F,,;, as shown in figure 4, and the geometric 
relationships involved. 


Fn =F 5 — Fs (i1) 


where Fs, is the flux incident on the area A,g,, the area 
on the ellipsoidal mirror of the projection of Aj, (in the 
first focal plane) from the second focal point. Thus, 
the average flux density around the hole is F'sn/(Asn 
—Anp). It is logical to assume that the flux density 
over the area of the hole, An, is the same as that over 
the area A,, surrounding it. Thus, the hole loss is 


F = AnF sh 


yey a 


or, in terms of the measured fluxes, 


_ Anl F's — F's1) 


Fh . 
, Ash —Ah 


(13) 


The assumption of uniform radiance over the small 
solid angle subtended by Ax, is more reasonable and 
accurate than the assumption of uniform radiance 
over a hemisphere made by previous investigators. 

Wire loss, (Fw): A fraction Fy(pdw of the flux re- 
flected by the sample and focused toward the detector 
will be absorbed or scattered out of the optical path 
by the wire sample supports. It should be noted that 
the wires are oriented out of the path of the specu- 
larly reflected beam. Hence, if a shield blocks the 
flux in the area surrounding the direction‘of specular 
reflection, the remainder would be the nonspecularly 
reflected flux. If this flux is assumed to be uniformly 
distributed over the area (A,) of the first focal plane 
of the ellipsoid, then 


= Ay 
(pe)wF w= Fa a (Pe)a (14) 


where A, = 7/4.D? — Aa. (15) 
(D, is the diameter of the ellipsoidal mirror, and Aq is 
the area of shield D.) 


Equation (14) reduces to 


 Fw=FdAwlAd (16) 
since (pow = (pda when Fg is evenly distributed over A. 

Since Fy is a secondary correction, it is apparent 
that the assumption, that the average nonspecular 
flux density over the first focal plane is intercepted by 
the wire supports, is sufficiently accurate, especially 
since the wire supports comprise 2 diam of the first 
focal plane. 

Sample shielding loss, (Fs) — Fr): Flux leaving the 
sample normal to its surface will be reflected back to 
the sample, and hence be blocked from the detector. 
However, any of the reflected flux incident on the 
specimen in the area Aj, (the image in the first focal 
plane formed by the ellipsoidal mirror of the sphere 
entrance port in the second focal plane) may be 
multiply reflected by the sample and mirror and fo- 
cused on the detector. To correct for the sample 
shielding loss, the three fluxes Fa, Fs, and F's; will be 
required. The flux involved in this loss is that which 





strikes the ellipsoidal mirror on the projected area 
of the sample, A; (projected from the second focal 
point). From figure 4, it is seen that A, is partially 
surrounded by the shield Ag,, and will have approxi- 
mately the same flux density as that on Ag, Hence, 
the total flux initially shaded is 


AgF sn 
F, >= ES at 
“s Ash = An it) 
However, a portion Ag,/As (As: is the area A, projected 
on the ellipsoid) of the flux Fs, is reflected from area 
A;, and could reach the detector. Reference 15 shows 


that the fraction Fy, that eventually reaches the de- 
tector is 


fem [Filta | [Fey (Mende A 
PsPe F. 
(18) 





The flux multiply reflected by the sample or refer- 
ence and ellipsoidal mirror that eventually reaches 
the detector is defined by eq (18), in terms of the four 
measured fluxes and the area relationships involved. 

One further problem arises because the detector is 
not black: that is, the sphere entrance port back-re- 
flects flux into the optical path, some of which even- 
tually gets back into the sphere and increases the 
flux sensed by the detector. For the F; measurement, 
flux (psf; enters the sphere port initially. However, 
some fraction 7’ of this flux is reflected back out the 
sphere entrance port. This flux is reflected nearly 
diffusely, so that a fraction f,-<'F(pe)s is intercepted 
by the mirror and focused on the sample in the first 
focal plane (f,-. is the standard diffuse configuration 
factor as defined in reference 16). The sample then 
reflects the flux back to the mirror, which focuses it 
on the sphere entrance. Thus, an amount F’ is added 
to, the flux F,(p.)s that was originally incident on the 
sphere entrance. 


FS = pns pein’ fs-<lF A pe)s| (19) 


where (p.)a is the average effective reflectance of the 
mirror for flux coming diffusely from the sphere en- 
trance and pns is the hemispherical reflectance of 
the sample. Further, a fraction FY of the flux that 
reaches the sphere on the second pass will be multiply 
reflected back to the sphere. 


FY = pnd pe)3n' fr; (20) 


This process will continue until the total flux in the 
sphere is 





F ss =(Pod)sF's (21) 


ait 
] _ Pns pe)2N' fr—e 


The flux viewed by the detector, Fa, will be 


Fya= F ss (22) 


where 7 is the sphere efficiency. 
Similarly, the detector views the other measured 
fluxes as 
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Fya= Falpdui| p- )2n'( f. | 
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Fyoa = NF sl Peds2 | (24) 
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‘The total flux reflected by the sample, F,,. is thus 
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If we now account for the interchange of flux between 
the reference mirror and the averaging device, the 
incident flux is computed as 





F _ Fra) = Pan pein' (fs) 
1 ae — 
PmPeN) 





The reflectance of the sample, p(7°, 0), is equal to 
the reflected flux, F., eq (26), divided by the incident 
flux, eq (27). The simplifying assumption is made 
that the terms (1 — pysp2y'fs—.) for Fia. Fa. Fsia, and 
F aa are equal, and that y and 7’ are respectively iden- 
tical in eqs (26) and (27). Then 
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(28) 


in which the only remaining unknown is ps. which is 
identical to p(7°, 0). A very good approximation is 


Ps>= F sal F va. (29) 


An error of up to 50 percent in ps, as evaluated by eq 
(29), would cause only a very small error in p(7°, 6), 
since ps occurs only in secondary flux terms. If jus- 
tified. an iteration process can be used to obtain suc- 
cessively better values of ps. 

The derivation of eq (28) is, for the most part, ap- 
plicable to any ellipsoidal mirror. A few of the 
simplifying assumptions are based on measurement 
with the particular mirror used in this work. 

There are two sources of known errors that are not 
compensated for in eg (28): they are the edge loss, and 
detector-sample interchange. 

Edge loss. \f the sample is not accurately posi- 
tioned in the first focal plane, some of the reflected 
flux will miss the ellipsoidal mirror and be lost. The 
amount depends upon the geometric distribution of 
reflected flux. For a perfect diffuser, the fraction 
of the total flux lost in this way is (reference 15) 


F,—F. h? 


. (30) 
FE, +P 





where F’, is the total flux reflected by the sample and 
F. is the flux hitting the mirror, h is the distance be- 
tween the sample and the first focal plane, and r, 
is the diameter of the ellipsoidal mirror. The magni- 
tude of this loss is shown in figure 6. 
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FIGURE 6. Edge loss for a perfect diffuser. 











FIGURE 7. Error due to detector-ellipsoid interchange, for different 


values of ps and pm. 


Detector-ellipsoid (sample) interchange. In the 
final steps of the derivation of eq (28), the detector- 
ellipsoid interchange was ignored. This is legitimate 
if p(7°, 0) = pm: however. for pm <p(7°. 0) or 
Pm> p(7°, 9), a significant error can be introduced 
from this source. Figure 7 shows the magnitude of 
this error for different values of p(7°, 6) and pm. The 
maximum value is 4 percent. The error can be 
avoided by using a comparison standard having a 
reflectance p,, near that of the sample. If necessary, 
a calibration can be made for this factor (reference 15). 

Summary. The analysis of the EMR presented 
here is based on the ability to measure four different 
fluxes. These fluxes, plus a knowledge of the system 
parameters, permit corrections to be made for system 
losses, based on reasonable assumptions about the 





geometric distribution of flux reflected from surfaces 
to be measured. The important features of the re- 
flected flux distribution are measured, in order to 
make accurate corrections. The assumptions on 
which these corrections are based are believed to be 
more accurate than those used previously with other 
reflectometers. 


6. Experimental Data 


A. Reference standards. The use of a calibrated 
mirror as the reference standard is highly desirable, 
since suitable mirrors are readily available and can 
be calibrated by any investigator. The specular 
reflectometer used in this work to measure the re- 
flectance of the reference mirrors utilized the pre- 
viously mentioned sulfur-coated diffusing sphere and 
thermopile detector to measure the incident mono- 
chromatic flux and that reflected once each by two 
sample mirrors. The use of the diffuser reduces the 
required precision of optical alinement. The ratio 
of the twice reflected flux to the incident flux is the 
product of the reflectances of the two mirrors.” If the 
reflectances are equal, then the ratio is the square of 
the reflectance. This procedure reduces the error 
of the measurement, since the expected error is the 
same whether one or more reflections are involved. 

Three sets of four mirrors, each coated with vacuum 
deposited aluminum, gold, and rhodium, respectively, 
were used. Six reflectance measurements were 
made, two each on three different pairs from each 
set. This did not exhaust the six unique pairs in 
each set, but allowed intercomparison of all the mir- 
rors to establish that their reflectances are indeed 
equal. The data are shown in table 4, together with 
comparable literature values [17, 18, 19, 20]. 

B. Optical quality of ellipsoid. To ascertain that 
all of the beam of reflected flux was focused onto the 
entrance port of the averaging sphere at the second 
focal point, a Polaroid Land camera back was placed 


at the second focal point so that the plane of the film '° 
was at the position of the sphere entrance port. Two 
different samples were used at the first focal point: 
(1) an aluminum mirror, and (2) a diffuse porcelain 
enamel reflectance standard. Figure 8 displays the 
images formed in the second focal plane for the two 
different samples and for different exposure times. 
The black area around each image is the approximate 
size and shape of the entrance port of the averaging 
sphere. 

The image formed with the aluminum mirror is quite 
clear and well-defined. The image formed when the 
mirror was inclined 25° with respect to the first focal 
plane shows light gray areas surrounding the white 
image, which indicate that the scatter and aberration 
of the ellipsoidal mirror increase with distance from 
the apex. The image formed in the second focal plane 
when the porcelain enamel (a fairly good diffuser) was 
placed at the first focal point is enlarged, which indi- 
cated that careful location of the image on the sphere 
entrance port is required if one expects to collect all . 
of the flux represented by these images. The in- 
creased image size for the diffuser is indicative of the 
total scatter and aberrations for this particular ellip- 
soidal mirror. In all cases, increased time of exposure 
yielded slightly enlarged images, indicating that a 
small amount of flux surrounds the visual image. The 
conclusion drawn from the results displayed in figure 
8 is that essentially all of the flux does enter the sphere 
when care is taken to center the visual image on the 
entrance. 

C. Directional hemispherical reflectance. Several 
samples were chosen for reflectance measurement with 
the EMR: (1) platinum—13 percent rhodium alloy, 
(2) gold mesh, (3) a porcelain enamel, and (4) oxidized 
Kanthal.'' Samples 1 and 4 are high-temperature 


'© The film was Polaroid Type 47, a 3000 speed film. 
'' Trade name of a heat-resistant alloy. 


TABLE 4. Measured reflectance of reference mirrors 


Reflectance of aluminum 


Reflectance 
of rhodium 


Reflectance of gold 


——— 


eae 


deviation 


Best 
literature 
values [34] 


Best 
literature 
values [35] 


Literature 
values [36] 


Standard 
deviation 


Literature 


Average Average Average | values [37] 


0.0012 
0017 
.0010 
.0005 
0011 
0012 
0013 
0017 


0.9742 
.9779 
.9794 
.9816 
9835 
9850 
.9861 
.9866 


0.0014 
0010 
0014 
0005 
0008 
0014 
0005 
0017 


0.8383 0.882 
8850 -905 
9104 915 
9339 932 
9428 942 
9470 
9474 
9510 


0.982 0.9906 
983 9914 
.983 .9922 
.983 .9934 
983 .9938 
983 9938 
983 9939 
-984 Z 9939 
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Aluminum Mirror 
0° Sample Holder 
2-Second Exposure 


Enamel 
0° Sample Holder 
2-Second Exposure 


Aluminum Mirror 
0° Sample Holder 
1-Minute Exposure 


Enamel 
O° Sample Holder 
15-Second Exposure 


Enamel 


0° Sample Holder 
45-Second Exposure 


Enamel 


0° Sample Holder 
2-Minute Exposure 


Aluminum Mirror 
25° Sample Holder 
5-Second Exposure 


Aluminum Mirror 
25° Sample Holder 
1.5-Minute Exposure 


FIGURE 8. Photographs of images formed in second focal plane of 
ellipsoidal mirror. 


The black area surrounding each image is the approximate size of the sphere entrance 
port. 


emittance standards provided by the National Bureau 
of Standards and described. by Richmond et al., [21]. 
Sample 2 was provided by Bernd Linder of the Missiles 
and Space Division, General Electric Company, Phila- 
delphia, Pa. It is a 0.002-in. diam stainless steel wire 
screen, 135 mesh, backed by 1.5 mil Mylar, coated 
with vapor-deposited gold. Sample 3 is a standard of 
luminous daylight reflectance. 


(1) Platinum-13 percent rhodium. The average 
values obtained in six determinations of the reflectance 
of each of two samples are shown in figure 9. Table 5 
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FIGURE 9. Spectral directional hemispherical reflectance of plat- 


inum-13 percent rhodium alloy. 
Each point is the average of six determinations, three each on two specimens. 


gives the individual measurements, and values from 
reference 21. The six values reported in table 5 were 
obtained by two different operators over a period of one 
week. Determinations la and 2a were made on sam- 
ples tilted 10° to the first focal plane, in order to elimi- 
nate the hole and sample shading corrections. This is 
possible because, as the data on the specular com- 
ponent in table 5 indicate, the reflected flux is concen- 
trated around the specular direction, and tilting the 
sample results in no edge loss. The data for the tilted 
samples are not significantly different from those for 
samples that were not tilted: hence, the corrections 
must have been accurate (assuming no change of reflec- 
tance for small change in angle of incidence). 

(2) Gold mesh. The data for the gold mesh sam- 
ples are presented in figure 10. Each data point is the 
average of three determinations. 

(3) Porcelain enamel. The data for the porcelain 
enamel reflectance standard are presented in figure 11. 
No attempt was made to correct for the sphere-ellipsoid 
interchange. 

(4) Oxidized Kanthal. The data for the oxidized 
Kanthal are shown in figure 12. The incident flux was 
attenuated by 50 percent with a sector disk for the 
reference measurement, but not for the sample meas- 
urement. The data were corrected for the sphere- 
ellipsoid interchange [15]. 

The data in figures 7, 8, 9, and 10 include a value for 
the specular component of reflected flux. No effort 
was made to study the size of the shield that would give 
the most useful specular component: instead, the As», 
shield was used. The specular component was com- 
puted as: 


F'sa lp Faa 
——— x 100. 
f sd (31) 


% specular component = 


The experimental specular component for a near per- 


fect diffuser (mu sulfur) is 9 percent. The “true” 
specular component is that computed by eq (31) 
minus 9 percent, and is shown in table 6. 
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TABLE 5. Reflectance of platinum—13 percent rhodium alloy* 


Wavelength # la # Ib # Ie # 2a 


0.610 
-701 
823 
919 
933 
942 
945 
.947 


0.597 
691 
813 
905 
.926 
.936 
.938 
.940 


0.566 
694 
826 
924 
935 
946 
947 
946 


692 
821 
921 
.937 
.940 
940 
942 














: = + = 
# 2b # 2c Standard 


Average 
deviation 


Specular 
component" 


0.574 
.686 
827 
.930 
.940 
.947 
.949 
953 


0.603 
.696 
820 
913 
.929 
.932 
.942 
943 


+ 0.005 
002 
002 
005 
004 
005 
005 
005 

















“The specimens were annealed at 1825 °K prior to measurement. Two samples are represented in this table. | 


and 2. Measurements la and 2a were made 


with the sample tilted 10° to the first focal plane. 


"This is an approximation of the specular component by using [(F wa — Faa/F sa] X 100%. because it includes the 
diffuse component of flux in the solid angle about the specular direction, and does not account for obvious system 


corrections. 


NBS 


Reflectance for Pt 13% Rh reference 38 


(various sample temperatures) 


A 800 °K 


% 
74.8 
80.8 
83.5 
87.4 
89.1 
90.4 
91.4 
91.6 


ro 


oy 





1100 °K 1300 °K 


78.7 
81.5 
83.2 
85.7 
87.4 
88.9 
89.9 
90.4 








“Data are | —€, where € is normal spectral emittance. 
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‘FiGuRE 10.. Spectral directional hemispherical reflectance of gold 


mesh. 
Each point is the average of three determinations. 


D. Directional annular cone reflectance. The 
directional annular cone reflectance of samples of 
Crystex brand sulfur, BaSO,, and gold mesh was meas- 
ured at 2.5 yw and compared to the values computed 
for the perfect diffuser. The directional annular 
cone reflectance p(d-a-c) is defined as follows 


2a $2 
| [ L'(¢', 8’) cos ¢’ sin g'de' dé’ 
0 ?; 
L{7°, AAw 





p(d-a-c) = 
(32) 
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FIGURE 11. Spectral directional hemispherical reflectance of a 
porcelain enameled specimen. 


In the direct measurements, g2 was always 7/2, 
and the flux reaching the detector was restricted to 
the annular solid angle between ¢; and 7/2 by means 
of a circular disk centered on the sample and placed 
just below the first focal plane. Five shields were 
used to obtain five different values of g;. In each 
case, the reading with a shield in place was divided 
by F, to obtain the ratio of the directional annular 
cone reflectance to the directional hemispherical 
reflectance. By subtracting the values obtained with 
successively larger shields, it was possible to separate 
the hemispherical reflectance into five annular cone 
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FIGURE 12. Spectral directional hemispherical reflectance of ,oxi- 


dized Kanthal. 


TABLE 6. “True” specular components 


Pt-13% Rh Oxidized 


Kanthal 


Porcelain 
enamel 


Gold mesh 


Microns 


0 


65 


5 
5 
5 
5 














reflectances. These are compared to the computed 
ratio for a perfect diffuser in table 7. It should be 
noted that the specific measurement technique used 
will not yield the most accurate data since these data 
were not corrected for various system losses. 


TABLE 7. Ratio of directional annular cone reflectance at 2.5 ws to 


the directional hemispherical reflectance for diffusely reflecting 
samples 


Perfect 


BaSO, 
diffuser 


Crystex 
sulfur 


Gold mesh 


14.5 
34.3 
43.7 
62.8 
79.5 
90.0 


0.06 

















It can be seen from the tables that the barium sulfate 
comes closest to being a perfect diffuser, and that the 
sulfur is also a very good diffuser. While the gold 
mesh reflects an appreciable percentage into each 
of the annular cones, it reflects more than a perfect 
diffuser at angles less than 34.3°, and less than a per- 
fect diffuser at angles from 43.7° to 79.5°. This can 
be interpreted to indicate appreciable increase in 
reflection in specular and near specular directions. 
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7. Summary and Conclusions 


An ellipsoidal mirror reflectometer was designed and 
built. It consists essentially of (1) a source of mono- 
chromatic flux, (2) an ellipsoidal mirror reflector, and 
(3) a detector. A beam of chopped monochromatic 
flux from a monochromator equipped with a Globar 
source is focused through a small hole in the ellip- 
soidal mirror onto the specimen, which is centered 
on the first focal point of the ellipsoid. The reflected 
flux is collected by the ellipsoidal mirror, and focused 
onto the detector, which is centered on the second 
focal point. The incident flux is measured (1) (in the 
absolute mode) by moving the detector to the first 
focal point, and measuring it directly, or (2) (in the 
comparison mode) by substituting a mirror of known 
reflectance for the specimen. It should be empha- 
sized that the reflectometer measures reflectance in 
absolute units by both techniques. 

Serious problems were encountered, that led to 
errors on the order of 50 percent of the measured 
reflectance. These large errors were found to be due 
to the variation in spatial and angular sensitivity of 
the detector and over-filling of the detector sensitive 
area. These errors were eliminated by use of a sulfur- 
coated averaging sphere on the detector. 

Because of the unique optical system, each direction 
from the first focal point of the ellipsoid toward the 
mirror corresponds to a point in the first focal plane, 
and each solid angle from the first focal point cor- 
responds to an area in the first focal plane. Hence, it 
is possible, by the use of shields in the first focal plane, 
to measure the flux reflected in any desired solid angle 
about any desired direction. In this way, accurate 
estimates can be made of all known losses, and cor- 
rections applied. This also permits measurement 
of (1) directional-hemispherical reflectance, (2) specular 
reflectance, (3) nonspecular reflectance, and (4) direc- 
tional annular cone reflectance. 

An analysis of all known errors leads to the conclu- 
sion that the instrument is capable of measuring direc- 
tional:hemispherical reflectance to an accuracy of at 
least 0.01 [15]. 

Data are presented on the directional-hemispherical 
reflectance at wavelengths from 1.5 to 7.0 u of annealed 
platinum-13 percent rhodium alloy, gold mesh, a porce- 
lain enamel, and oxidized Kanthal; in addition, the 
specular component of reflected flux is separately 
evaluated for these materials. Data are also presented 
on the directional annular cone reflectance of the gold 
mesh, barium sulfate, and Crystex brand sulfur. 
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Reference tables for the platinum-30 percent rhodium versus platinum-6 percent rhodium thermo- 
couple have been established for the range 0 to 1820 °C based upon the calibrations of thermocouples 
furnished by three manufacturers in the United States and by one European manufacturer. The 
thermocouples were calibrated by comparison with standard instruments such as platinum resistance 
thermometers, platinum-10 percent rhodium versus platinum thermocouples and optical pyrometers. 
The test procedures and facilities used for the calibrations are described and the accuracy of the 
measurements is discussed. The platinum-rhodium elements of the thermocouples were examined 
by a general qualitative spectrochemical method and the results of the analyses are given. Tables 
of emf of the individual elements of the thermocouple versus Pt-27 for the range 0 to 1500 °C are also 
presented. In addition, the effect of variations in the alloying percentages of platinum and rhodium 
on the temperature-emf relationships of the elements are shown. The results of calibrations for other 
Pt-30 percent Rh versus Pt-6 percent Rh thermocouples, which were received for routine calibration 
at NBS during the period from May 1963 to March 1965. are also shown. 


Key Words: Accuracy, calibration, emf, platinum-rhodium elements, platinum-30 percent rho- 
dium versus platinum-6 percent rhodium, reference tables, spectrochemical analyses, 
thermocouple. 





1. Introduction 


Studies by Ehringer [1]! and by Walker, Ewing, and Pt-I3% Rh vs Pt 
Miller [2, 3], have demonstrated that thermocouples Pt-10%RhvsPt 
in which both legs are platinum-rhodium alloys are 
capable of reliable temperature measurements at 
high temperatures. Such thermocouples have been 
shown to offer the following distinct advantages over 
the more familiar platinum-10 percent rhodium versus 
platinum and platinum-13 percent rhodium versus 
platinum thermocouples at high temperatures: (1) 
improved stability, (2) increased mechanical strength, 
and (3) higher operating temperature. The three most 
common platinum-rhodium combinations in use today 
are the platinum-20 percent rhodium versus platinum- 
5 percent rhodium, or 20-5 thermocouple; the plat- 
inum-30 percent rhodium versus platinum-6 percent 
rhodium, or 30-6 thermocouple; and the platinum-40 Pt-40% Rh vs Pt-20% Rh 
percent rhodium versus platinum-20 percent rhodium, l 
or 40-20 thermocouple. The temperature-emf curves 800 
for these thermocouples and the more familiar Pt-10 
percent Rh versus Pt and Pt-13 percent Rh versus Pt TS SES Cee 
thermocouples are shown in figure 1. 


Pt-30% Rh vs Pt -6%Rh 


EMF, MILLIVOLTS 


Pt-20% Rh vs Pt-5% Rh 
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FIGURE 1. Temperature-emf curves for platinum-rhodium thermo- 
ee : j : tial 
' Figures in brackets indicate the literature references at the end of this paper. couples, reference junctions at 0 °C. 








Of the three platinum-rhodium combinations the 
30-6 thermocouple offers the most favorable overall 
characteristics. Although the thermoelectric charac- 
teristics of the 30-6 thermocouple and the 20-5 ther- 
mocouple are similar, the 30-6 thermocouple does 
offer a slightly greater thermoelectric power at the 
higher temperatures and it also has a somewhat 
higher tensile strength than the 20-5 thermocouple. 
The 40-20 thermocouple is a special combination 
intended primarily for use in the 1700 to 1850 °C range’ 
[4]. Even though the 40-20 thermocouple may be 
used at slightly higher temperatures, than the 30-6 
thermocouple, its relatively low thermoelectric power 
limits its usefulness at lower temperatures. 

Studies made with the 30-6 thermocouple have 
shown it can be used intermittently (for several hours) 
up to 1800 © and continuously (for several hundred 
hours) at temperatures up to about 1750 °C with only 
small changes in calibration. The maximum tem- 
perature limit for the thermocouple is governed, 
primarily, by the liquidus of the Pt-6 percent Rh 
element which is estimated to be about 1820 °C [5] 
The thermocouple is most reliable when used in a 
clean oxidizing atmosphere (air) but has also been 
used with some success in neutral atmospheres [2] 
and. vacuum [3, 6]. The stability of the thermocouple 
at high temperatures has been shown [2] to depend, 
primarily, upon the quality of the materials used for 
protecting and insulating the thermocouple. High 
purity alumina with low iron-content appears to be the 
most suitable material available today for the purpose. 

The 30-6 thermocouple was first introduced in 
Europe by Degussa, Hanau, Germany. Recently a 
reference curve for the thermocouple was published 
by Obrowski and Prinz [7| of the Degussa Labora- 
tories. The curve, which is represented by a set of 
cubic equations, was developed by determining the 
emfs of numerous Degussa thermocouples at various 
thermometric fixed points. This curve is often re- 
ferred to as the new Degussa curve since it replaces 
an older curve formerly used with the Degussa ther- 
mocouples. The emfs of the old and new Degussa 
reference curves [7] are given at 100 deg intervals 
in table 1 for the range 0 to 1800 °C. 

Because of its favorable characteristics, the 30-6 
thermocouple has rapidly gained acceptance and be- 
come more widely used in this country. Consequently, 
the National Bureau of Standards was requested by 
the American Society for Testing and Materials, Com- 
mittee E-20, Subcommittee IV to prepare reference 
tables for the thermocouple to facilitate its use and 
calibration. A testing program was initiated by the 
Temperature Section at NBS for this purpose. In 
this program thermocouples were obtained from three 
manufacturers in the United States and from one 
European manufacturer and were calibrated by con- 
ventional methods of test. The methods included 
calibration by comparison with standard instruments, 
such as platinum-10 percent rhodium versus platinum 
thermocouples, platinum resistance thermometers, 
ang optical pyrometers, and the determination of the 
emts of the individual elements of the thermocouples 


against the platinum thermoelectric standard main- 
tained at NBS known as Pt-27. These methods of 
test are discussed in NBS Circular 590. Reference 
tables for the 30-6 thermocouple were calculated 
from the results of the calibrations and the tables 
are presented in the appendix of this paper. The 
temperature-em! relationship given by the reference 
tables is believed to be representative of materials 
being produced by manufacturers in this country at 
the present time. 


TABLE 1. Emf of old and new Degussa reference curves for the 


30-6 thermocouple 


Emf 


Temperature 


(Int. 1948) Old curve | New curve 


ml mi 
0.000 0.000 
056 .033 
.162 177 
AIO 430 
.790 .789 
1.245 1.247 
1.796 1.795 
2.442 2.433 
3.162 3.159 
3.964 3.966 
4.839 4.847 
5.791 5.795 
6.811 6.806 
7.890 7.871 
9.000 8.977 
10.130 10.113 
11.260 11.267 
12.390 12.428 
13.520 13.583 








Some of the preliminary work in the reference table 
program, concerned with the selection of thermo- 
couple materials, was described in a previous paper 
[8]. The testing procedures and methods used in 
the program were also discussed in the previous paper 
but are described again in this paper in more detail. 


2. Thermocouple Materials 


2.1. Thermocouple Materials Used in the Preparation 
of the Reference Table 


Thermocouple materials were supplied by three 
American manufacturers: (1) Engelhard Industries, 
Inc., (2) Sigmund Cohn Corporation, (3) J. Bishop 
and Company, and by one European manufacturer, 
Degussa, Hanau, Germany. A length of 0.020 in. 
(nominal) diameter wire, between 9 and 10 ft long, 
of both the Pt-6 percent Rh and the Pt-30 percent Rh 
alloy was furnished by each manufacturer. The alloy 
wires supplied by the American manufacturers were 
fabricated to have compositions of Pt-6.12 percent Rh 
and Pt-29.60 percent Rh [8]. The alloy wires sub- 
mitted by Degussa were taken from stock and were 
reported to have nominal compositions of Pt-6.15 


percent Rh and Pt-29.50 percent Rh.” 


*For convenience in the ensuing discussion and presentation of the test results the 
platinum-rhodium wires submitted by Degussa will be referred to as Pt-6.12 percent Rh 
and Pt-29.60 percent Rh alloys. 
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Eleven thermocouples were prepared from the alloy 
wires supplied, three thermocouples from each of the 
American manufacturers and two thermocouples 
from Degussa. For purposes of this report, letter 
designations A, B, and C are assigned to the three 
American manufacturers (in an arbitrary way), and D 
is assigned to Degussa. The thermocouples of the 
various manufacturers are identified as shown in 
table 2. 


TABLE 2. Description of thermocouples used in preparation of 


reference table 


Thermocouple Material received 


identification 


Manufacturer 
designation 


Al, A2, A3 Jan. 1963 


B1, B2, B3 Dec. 1962 


€1.£3. Gs Jan. 1963 








D1, D2 Oct. 1962 


Samples of the platinum-rhodium wires submitted 
by manufacturers A, B, C, and D were examined by 
a general qualitative spectrochemical method* and 
the results of the analyses are given in table 3. The 
results of an analysis for a thermocouple quality (ref- 
erence grade) platinum wire are also shown for pur- 
poses of comparison. 


groups of 0.020 in. diam  platinum-rhodium wires 
were supplied by manufacturer B for study. The two 
groups consisted of one group of wires with rhodium 
percentages of 5.90, 5.95, 6.00, 6.05, and 6.10 and a 
second group of wires with rhodium percentages of 
29.50, 29.75, 30.00, and 30.25. Also, during the pe- 
riod of test program, a number of 30-6 thermocouples 
were submitted by industrial users and thermocouple 
manufacturers for routine calibration. The results 
of the calibrations for some of the thermocouples 
submitted will be discussed in this paper. In most 
cases the manufacturers of these thermocouples were 
known. Some descriptive information about the 
thermocouples to be discussed is given in table 4. 


TABLE 4. 


Description of other thermocouples 


a 
Approximate 
wire diameter 


Material 
received 


Manufacturer * Thermocouple 


identification 








inches 
0.025 
.020 
.020 
032 
.020 
.020 
.020 


S .020 
Unknown 025 | 


*In cases where two thermocouples from the same manufacturer are listed, the thermo- 
couples are from different lots. 
» Manufacturer: Johnson Matthey and Company, London, England. 


All 
A22 
Bll 
B22 
cll 
DiI 


Jan. 1964 
Mar. 1965 
Dec. 1963 
May 1964 
Oct. 1963 
Oct. 1964 
D22 Oct. 1964 
Ell May 1963 
X11 | Oct 1963 











TABLE 3. Results of spectrochemical analyses of platinum-rhodium thermoelements 


Manufacturer B 


Manufacturer A 
Elements {|___ z . Sees 
detected 


Pt-6.12% a] Pt-29.60%Rh 
element element 


Pt-6.12%Rh 
element element 
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NoTE: In general, VS, 


not detected; —?, probably not detected. 


2.2. Other Thermocouples and Thermocouple Materials 


In addition to the materials supplied specifically 
for purposes of preparing the reference tables, other 
thermocouples and thermocouple materials were also 
obtained and various other tests performed. Two 


* Spectrochemical analysis performed by the Spectrochemistry Section of the National 
Bureau of Standards. 


Pt-29.60%Rh 


Manufacturer C Manufacturer D | ; 
= ee ' A. ______._.__| Reference 
grade 

platinum 


Pt-6.12% me Pt-29.60%Rh 


element element 


Pt-6.12%Rh 


element 


Pt-29.60%Rh 
element 


~ 
» 


~~ 
~~ 


} eons 


_ Pi Tae aU, 
a 5 


< 1<1 
ee | 

< iqay 

eit 


wow 


| 
batt 2 
~~ 





= 


greater than 10%; S, 1-10%: W, 0.01-0.1%:; VW, 0.001—0.01%; T, 0.0001—0.001%; FT, less than 0.0001%:-. 
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3. Apparatus 


Four stirred liquid baths were used for calibrations 
in the range 0 to 450 °C. Each of the baths employed 
a different liquid medium and each was used to cover 
a separate portion of the temperature range. Tem- 
peratures in the stirred liquid baths were determined 
with a calibrated platinum resistance thermometer. 
The baths are described in more detail in section 5.le 





of NBS Monograph 90. Also in the range 0 to 450 °C 
and for temperatures up to 1100 °C a horizontal tube 
type furnace was used. The furnace has a nickel 
(80)-chromium (20) tube which serves as a heating 
element. The tube has an inside diameter of !¥/1¢ in., 
an outside diameter of 15/16 in. and is 24 in. long. The 
furnace is described in section 4.1 of NBS Circular 
590. Temperatures in the tube furnace were deter- 
mined with standard Pt-10 percent Rh versus Pt 
thermocouples. The Pt-10 percent Rh versus Pt 
thermocouples were calibrated by the fixed point 
method (see sections 3 and 5.1 of NBS Circular 590) 
and met the requirements of the International Practical 
Temperature Scale of 1948 for standard thermocouples 
(see NBS Monograph 37). The calibrations of the 
standard thermocouples above 1063 °C were extrap- 
olated by the method described in section 5.1 of 
Circular 590. 


Platinum reference wires were used in the calibra- 
tions performed in the stirred liquid baths and the tube 
furnace, and were also used in several other tests 
described in the paper. The emfs of the platinum ref- 
erence wires were known relative to the platinum 
thermoelectic standard maintained at NBS, known 
as Standard Pt-27 (see section 7 of NBS Circ. 590). 

The emf measurements for the calibrations in the 
stirred liquid baths in the 0 to 450 °C range were made 
with a six dial Rubicon thermal free potentiometer 
and the resistance measurements of the platinum 
resistance thermometer were made with a Leeds and 
Northrup Type G-—2 resistance thermometer bridge. 
In all other tests, the emf measurements were made 


with Leeds and Northup Type K-3 potentiometers. 
The K-3 potentiometers were calibrated by compari- 
son with a calibrated six dial precision potentiometer. 


In the range 1063 to 1790 °C blackbodies were used 
for calibrations by direct comparison with an optical 


pyrometer. Two blackbodies were fabricated from 
4 in. long, round, alumina rods, one with a diameter 
of 1°/s in. and one with a diameter of 1/2 in. In one 
end of each rod a ¥g in. diam axial sight hole was 
drilled to a depth of 2 in. and a ¥/4 in. diam axial hole 
was drilled in the opposite end of each rod to a depth 
of 145/16 in. The ¥/g in. diam axial sight holes approx- 
imate a blackbody very closely when the walls of 
the holes are at a uniform temperature. The spectral 
emissivity of the sight holes at a wavelength of 0.65 uw 
was assumed to be 1 for measurements described in 
this paper which involve temperature determinations 
with an optical pyrometer (see sec. 7 for a discussion 
of the errors associated with the use of the black- 
bodies). For convenience, the alumina rods _ will, 
henceforth, be referred to as the alumina “black- 
bodies.” A cross section of the 142 in. diam alumina 
“blackbody” is shown in figure 2. 


The 1%s in. diam alumina “blackbody” was heated 
in a high temperature tube furnace. The heating 
element of the furnace was a silicon carbide tube 
with an inside diameter of about 1°/s in., and outside 
diameter of 2%/s in. and an overall length of 28in. The 
alumina “blackbody” was located in the furnace at 
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FIGURE 2. Cross section of alumina “blackbody”: (1) alumina rod; 
(2) blackbody cavity or sight hole; (3) alumina protecting tube. 
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the center of the silicon carbide tube, and a series 
of alumina disks was positioned on either side of the 
rod. The disks served as radiation shields and re- 
duced the power loses out the ends of the furnace. 
An alumina protecting tube with an o.d. of about 7/4 in. 
was inserted through central holes in the series of 
alumina disks and into the 1/4 in. hole in one end of 
the alumina “blackbody.” A cross section of the 
furnace is shown in figure 3. 


The 1¥2-in. diam alumina “blackbody” was heated 
in a horizontal wire wound tube furnace. The furnace 
had three separate heater windings, two end windings, 
and a center winding of platinum-40 percent rhodium 
wire. The windings were wound on an alumina tube 
which had an inside diameter of about 14/2 in. and was 
24 in. long. The inside of the alumina tube was lined 
with a Pt-10 percent Rh tube which was rolled from a 
piece of sheet stock 0.005 in. thick. The alumina 
“blackbody,” alumina disks, and an alumina protect- 
ing tube were arranged in the furnace similar to the 
arrangement used in the silicon carbide tube furnace. 
A cross section of the wire wound tube furnace is 
shown in figure 4. 


The temperatures of the alumina ‘“blackbodies” 
were determined with a calibrated Leeds and Northrup 
Type 8636-C visual optical pyrometer. The optical 
pyrometer was calibrated by comparison with the NBS 
visual standard optical pyrometer‘ using a tungsten 
strip lamp as a transfer source. The calibration con- 
sisted of determining the relationship between the 
brightness or blackbody temperatures indicated by 
the instrument and the pyrometer lamp current. The 
calibration procedure is described in section 5.1 of 
NBS Monograph 41. In use the current through the 
pyrometer lamp was controlled with a rheostat and 
determined by measuring the voltage drop across a 
1 © standard resistor in series with the lamp. 


‘ This pyrometer is known as the Fairchild pyrometer and it is described in section 2.2 
of NBS Monograph 41. The calibration and accuracy of the instrument are discussed in 
section 4 of the Monograph. 
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FIGURE 3. Cross section of silicon carbide tube furnace: (1) brass end plate; (2) brass shell; (3) inconel liner; (4) stainless steel support ring; 
(5) stainless steel retaining disk; (6) transite insulator ring; (7) inconel tie rod; (8) refractory insulating liner; (9) refractory support; (10) sili- 


con carbide heating tube; (11) terminal assembly; (12) copper tubing; (13) alumina “‘blackbody’’; (14) blackbody cavity or sight hole; (15) 
alumina protecting tube; (16) alumina disk. 











// LAAT Tl 
/ 47/ PT 
rad hd / / ‘ 
Us Lett tllig, 





























" 
_— 


FicurE 4. Cross section of Pt-Rh wire wound tube furnace: (1) alumina tube; (2) 
Pt-40 percent Rh winding; (3) alumina cement; (4) 0.005 inch thick Pt-10 percent 
Rh liner; (5) refractory brick support; (6) steel angle frame; (7) transite shell; (8) 
alumina “blackbody”; (9) blackbody cavity or sight hole; (10) alumina disk; (11) 
alumina protecting tube; (12) bubbled alumina insulation. 
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4. Experimental Procedure 


4.1. Tests of Thermocouples in Table 2 


The platinum-rhodium wires submitted by the four 
manufacturers were prepared for test by annealing 
them electrically in air for 1 hr at about 1450 °C. 
The annealing temperature of the wires was deter- 
mined with an optical pyrometer, assuming the spec- 
tral emissivity of the wires was 0.3 at a wavelength 
of 0.65 yw. The wires were then cut and paired to 
form the 11 thermocouples listed in table 2. The 
measuring junctions of the thermocouples were welded 
with an oxygen-gas torch and the thermocouples were 
assembled in double bore alumina insulating tubes. 
The thermocouples were then tested as described in 
the following sections. The tests are described in 
the following sections in chronological order and are 
also summarized in table 5. All the tests were per- 
formed in air, and the reference junctions of the ther- 


mocouples and thermoelements were maintained at 
0 °C in ice baths. 


ec 


TABLE 5. 


Summary of tests on the thermocouples in table 2 








Section Thermocouple 


tested 


Description of test Temperature 


reference 





Pt versus Pt-10 
percent Rh 
thermocouple. 


Al, A2, A3, Bl, 
B2, B3, C1, C2, 
C3, D1 and D2 


Calibration of thermoelements by 
comparison with platinum ref- 
erence wires in chromel tube 
furnace in 0 to 1100 °C range. 

Al, B3 and C2 Platinum 
resistance 
thermometer. 


Calibration of thermoelements by 
comparison with platinum ref- 
erence wires in stirred liquid 
baths in 0 to 450 °C range. 


Al, A2, B2, B3, Calibration of thermocouples by 
C1, C2, D1 and direct comparison with optical 
D2 pyrometer in range 1050 to 1600 
°C (thermocouples heated in 
SiC tube furnace). 


Optical pyrometer. 


Al, B2, Cl and Calibration of thermoelements by 
D2 comparison with platinum ref- 
erence wires in range 1063 

to 1500 °C. 


Thermocouple B3. 


Al, A2, B2, B3, 
C1, C2, D1 
and D2 


Pt versus Pt-10 
percent Rh 
thermocouple. 


‘alibration of thermocouples 
by comparison with Pt versus 
Pt-10 percent Rh thermo- 
couple in range 1063 to 1450 °C. 


A2, A3, B1, B3, Calibration of thermocouples by 
C2, C3, D1 direct comparison with optical 
and D2 pyrometer in range 1063 to 
1750 °C # (thermocouples 


Optical pyrometer. 


heated in Pt-Rh wire wound 
tube furnace). 














* Thermocouples A3, Bl, and C3 calibrated to 1790 °C. 


a. Tests in Nickel-Chromium Tube Furnace in Range 0 to 1100 °C 


In these tests the emf of both thermoelements of 
each of the eleven thermocouples was determined 
against platinum reference wires in the horizontal 
nickel-chromium tube furnace. Determinations 
were made with decreasing furnace temperature at 
50 deg intervals in the range 1100 to 50 °C, as well 
as at 1063 °C,.630.5, and 419.5 °C. These measure- 
ments were followed by a second set of determinations 
made with increasing furnace'temperature at 50 deg in- 


tervals from 425 to 1075 °C and the determinations at 
400, 419.5, 630.5, and 1063 °C were repeated. For 
these tests the measuring junctions of several 30-6 
thermocouples, a platinum-10 percent rhodium versus 
platinum thermocouple and a platinum reference 
wire were welded into a common junction. The 
thermocouples and reference wire were placed in a 
closed end alumina protecting tube and inserted into 
the tube furnace until the common measuring junc- 
tion was at the center of the furnace. The tempera- 
ture of the furnace was regulated by the manual 
control of the power with an adjustable transformer. 
The emf of the platinum-rhodium thermoelement 
against the platinum reference wire and the emf of 
the platinum-10 percent rhodium versus platinum 
thermocouple were determined simultaneously by the 
two-potentiometer method. The _ two-potentiometer 
method is described in section 4.1 of NBS Circular 
590. 


b. Tests in Stirred Liquid Baths in Range 0 to 450 °C 


Thermocouples Al, B3, and C2 were selected for 
testing in the stirred liquid baths in the range 0 to 
450 °C. For these tests the Pt-6.12 percent Rh ele- 
ments of the three thermocouples and a platinum 
reference wire were assembled in a four bore alumina 
insulating tube and the measuring junction of the 
wires welded together. The Pt-29.60 percent Rh 
elements and a platinum reference wire were as- 
sembled in the same manner. Each of the alumina 
insulating tubes was inserted into a closed end Pyrex 
protecting tube. 

The assemblies were immersed in the stirred liquid 
bath along with a platinum resistance thermometer. 
The temperature of the bath was regulated by manually 
controlling the power input to the bath with an ad- 
justable transformer. With the temperature of the 
bath held nearly constant the emfs of the Pt-6.12 per- 
cent Rh and Pt-29.60 percent Rh wires against the 
platinum reference wires were measured. The meas- 
urements were preceded and followed by determina- 
tions of the bath temperature with the platinum 
resistance thermometer. In this manner, measure- © 
ments were made at 25 deg intervals from 25 to 450 °C. 
Four different stirred liquid baths were required for 
this purpose. 


c. Calibration of Thermocouples by Direct Comparison With Optical 
Pyrometer in Range 1050 to 1600 °C (Thermocouples Heated in 
SiC Tube Furnace) 

Thermocouples Al, A2, B2, B3, C1, C2, D1, and D2 
were calibrated one at a time in the range 1050 to 
1600 °C in the SiC tube furnace (see fig. 3). The 
thermocouple to be calibrated was inserted into the 
alumina protecting tube so that the measuring junc- 
tion was in contact with the closed end of the tube. 
The temperature of the alumina “blackbody” was 
controlled near a desired calibration point by manually 
regulating the input power to the SiC tube with an 
adjustable transformer. An optical pyrometer was 
optically alined with the axis of the g in. diam sight 
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hole in the alumina “blackbody” and focused on the 
hole near the surface. Brightness matches were 
made with the optical pyrometer by two experienced 
observers. With the temperature of the “alumina 
blackbody” held nearly constant (changing less than 
a few tenths of a deg per minute), a set of four inde- 
pendent brightness matches was made with the optical 
pyrometer by each observer. For every brightness 
match the pyrometer lamp current was determined 
and the emf of the thermocouple was measured simul- 
taneously. A group of such readings was taken at 
about 1063 °C and then at approximately 50 deg in- 
tervals from 1050 to 1600 °C for each of the thermo- 
couples. Some of the thermocouples were calibrated 
with increasing temperature, some with decreasing 
temperature, and others with both increasing and 
decreasing temperature. Approximately 6 to 8 hr 
was required to complete the calibration of each ther- 
mocouple in the range 1050 to 1600 °C. 

Several problems were encountered with the meas- 
urements in the SiC tube furnace at the higher tem- 
peratures. Occasionally, the SiC tube would develop 
a “smoking condition” at the higher temperatures 
(usually above 1500 °C). When this occurred the fur- 
nace was cooled and the smoke was blown from the 
inside of the tube before attempting to make any 
further measurements with the optical pyrometer. 
Even so, a slight haze was sometimes noticeable 
inside the tube during the measurements. The effect 
of the haze on the optical pyrometer measurements 
was not known. 

Also at temperatures above about 1500 °C a problem 
was experienced with the emf measurements which 
was attributed to electrical leakage between the 
thermocouple wires and the SiC heating element, 
through the alumina insulating parts and “‘blackbody.” 
When the furnace power was turned off (briefly) at 
temperatures above about 1500 °C ‘a difference in 
the emf of the thermocouple was usually observed. 
The magnitude and direction of the change in emf 
was unpredictable and would vary from thermocouple 
to thermocouple and from run to run. However, 
the change in emf was never observed to be more than 
6 pV. 

For measurements- above 1500 °C the change in 
emf was determined after each set of readings and 
the appropriate correction was applied to the meas- 
ured emfs. By this procedure it is estimated that 
the uncertainty in the emf measurements, because 
of the electrical leakage, was reduced to about luV 
or less. 

Finally, a chemical reaction apparently occurred 
between the alumina “blackbody” and the SiC heat- 
ing element at the higher temperatures. The elec- 
trical properties or characteristics of the SiC tube 
changed in the central region where the SiC tube 
and the alumina were in contact, and a “hot spot” 
developed in the tube. Consequently, the tempera- 
ture distribution over the alumina “blackbody” be- 
came progressively less uniform and some additional 
uncertainty was introduced in the measurements. 
However, the temperature gradients were not severe 
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and the error introduced by the nonuniform tempera- 
ture probably did not exceed more than | or 2 deg at 
1600 °C. 


d. Calibration of Thermoelements by Comparison With Platinum 
Reference Wires in Range 1063 to 1500 °C 

The emfs of the thermoelements of thermocouples 
Al, B2, Cl, and D2 were determined against platinum 
reference wires at 1063 °C and then at 50 deg intervals 
with increasing temperature from 1100 to 1500 °C. 
The tests were made in the SiC tube furnace. For 
these tests another SiC heating tube was assembled 
in the furnace and a large diameter, closed end, 
alumina protecting tube (18 in. long with an inside 
diameter of 9/4 in.) was positioned inside the SiC heat- 
ing tube. During the tests the thermocouples were 
located inside the alumina protecting tube and the 
tube was supported near the open end so as not to be 
in contact with the SiC heating tube. The test pro- 


cedures were similar to those described in section 
4.la except that the temperature was determined with 
a 30-6 thermocouple (thermocouple B3), instead of a 
Pt-10 percent Rh versus Pt thermocouple. 


e. Calibration of Thermocouples by Comparison With Pt-10 Percent 
Rh versus Pt Thermocouple in Range 1063 to 1450 °C 
Thermocouples Al, A2, B2, B3, C1, C2, D1, and D2 
were tested by comparing them directly with a Pt-10 
percent Rh versus Pt thermocouple in the 1063 to 
1450 °C range. The thermocouples were heated in 
the SiC tube furnace. The emf of each 30-6 thermo- 
couple was determined at 1063 °C and then at 50 deg 
intervals with increasing temperature from 1100 to 
1450 °C by using the two-potentiometer method. 


f. Calibration of Thermocouples by Direct Comparison With Optical 
Pyrometer in Range 1063 to 1790 °C (Thermocouples Heated in 
Pt-Rh Wire Wound Tube Furnace) 

Thermocouples A2, A3, Bl, B3, C2, C3, D1, and D2 
were calibrated by comparison with an optical py- 
rometer and the thermocouples were heated in the 
Pt-Rh wire wound tube furnace shown in figure 4. 
During these tests the Pt-Rh shield in the furnace 
was electrically grounded, and no difficulty was ex- 
perienced with the emf measurements due to elec- 
trical leakage between the thermocouples and heater 
windings. The temperature control of the furnace 
was considerably more difficult than for the SiC tube 
furnace and rather tedious adjustments of the power 
to the various heater windings were required. The 
temperature profile in the region of the alumina 
“blackbody” was checked frequently with the 30-6 
thermocouple being tested. The temperature was 
controlled and the temperature gradients minimized 
by manual regulation of the power to the various 
heater windings with variable transformers. 

The calibration procedures for the thermocouples 
were similar to the procedures described in section 
4.le. Sets of brightness matches were taken by two 
different observers with the optical pyrometer and the 
emfs of the thermocouples were determined at about 





1063 °C and then at eppeenionately 50 deg intervals 
from 1100 to 1600 °C. 

After completing the tests in the 1063 to 1600 °C 
range, each of the thermocouples was reassembled 
in double bore beryllium oxide insulating tube. The 
thermocouples were then calibrated at about 1600, 
1650, 1700, and 1750 °C. Three of the thermocouples 
(A3, Bl, C3) were also calibrated at about 1790 °C. 

The calibrations described in this section were made 
with increasing furnace temperature. The thermo- 
couples were removed from the furnace after taking 
the measurements at each calibration point and then 
reinserted after the temperature of the furnace was 
increased to the next calibration point. In general, 
the time required for checking the temperature gradi- 
ents in the central portion of the furnace, for allowing 
the temperature of the furnace to stabilize, and for 
the two observers to take a set of observations with 
the optical pyrometer seldom exceeded 20 min at a 
calibration point for each thermocouple. 

Several of the thermocouples were recalibrated 
at 1063 °C by the procedures described in section 4.la 
following completion of the test to 1600 °C and then 
again following the tests to 1750 and 1790 °C. 


4.2. Tests of Platinum-Rhodium Wires With Various 
Percentages of Rhodium 


The platinum-rhodium wires were prepared for 
test by annealing them electrically in air for 1 hr at 
about 1450 °C. The wires were then assembled in 
alumina insulating tubes. The emfs of the platinum- 
rhodium wires with rhodium percentages of 5.90, 
5.95, 6.00, 6.05, and 6.10 were determined against a 
*Pt-6.12 percent Rh wire (negative leg of thermo- 
couple B2). Similarly, the emf of the platinum- 
rhodium wires with rhodium percentages of 29.50, 
29.75, 30.00, and 30.25 were determined against a 
Pt-29.60 percent Rh wire (positive leg of thermo- 
couple B2). In the first set of measurements the 
measuring junctions of the various Pt-6 percent Rh 
wires and a Pt-10 percent Rh versus Pt thermocouple 
were welded into a common junction and the wires 
and the thermocouple were inserted into the nickel- 
chromium tube furnace. The emf of the Pt-Rh wires 
against the Pt-6.12 percent Rh wire and the emf of 
the Pt-10 percent Rh versus Pt thermocouple were 
measured simultaneously by the two-potentiometer 
method. Measurements were made at 100 deg inter- 
vals with decreasing furnace temperature from 1100 
to 100 °C. The Pt-10 percent Rh versus thermo- 
couple was then replaced with a 30-6 thermocouple 
(thermocouple B3) and measurements were made 
by the same method at 100 deg intervals from 1100 
to 1600 °C in the SiC tube furnace. Measurements 
were also made at 100 deg intervals with the various 
Pt-30 percent Rh wires from 0 to 1600 °C by the same 


procedure. 
4.3. Tests of Thermocouples in Table 4 


Each of the thermocouples in table 4 was elec- 
trically annealed in air for 1 hr at about 1450 °C and 


then assembled in a double bore alumina insulating 
tube before testing. The thermocouples were cali- 
brated by direct comparison with calibrated thermo- 
couples using the two-potentiometer method. The 
thermocouples were heated in the nickel-chromium 
tube furnace and a Pt-10 percent Rh versus Pt ther- 
mocouple was used to determine the temperature in 
the range up to 1063 °C. Above 1063 °C the thermo- 
couples were heated in the SiC tube furnace and one 
of the 30-6 thermocouples in table 2 was used to 
determine the temperature. 


5. Computations 


From the results of the tests described in sections 
4.la and 4.1b corresponding values of temperature 
and emf were calculated at 25 deg C intervals from 
0 to 1050 °C and at 419.5, 630.5, and 1063 °C for each 
thermocouple. Similarly, from the tests described 
in section 4.1f corresponding values of temperature 
and emf were calculated at 1063 °C and at 50 deg 
intervals from 1100 to 1750 °C for each thermocouple. 
In the latter calculations the four readings of each 
observer with the optical pyrometer were averaged 
to obtain a single emf value for each thermocouple 
at about 1063 °C and at about 50 deg intervals from 
1100 to 1750 °C. These values were adjusted to ob- 
tain values at exactly 1063 °C and at the nearest 
integral multiples of 50 °C and then the values of 
each observer for each thermocouple were averaged 
to obtain a single value of emf at each temperature. 
Since the measured values were nearly always within 
the equivalent of 5 deg of integral multiples of 50 deg, 
the adjustment could be made without introducing any 
significant error by using an approximate value for the 


thermoelectric power ( 


a of the thermocouple at each 
temperature. 

With the use of an IBM 7094 digital computer cubic 
equations were fitted by the method of least squares 
to the sets of emf and temperature values obtained for 
each thermocouple. One of the cubic equations was 
selected arbitrarily to serve as a rough “standard 
curve” with which to compare all the individual 
thermocouples. The deviations of the measured emf 
values for each thermocouple from the “standard 
curve” were plotted graphically and an “average de- 
viation curve” was drawn by visually estimating the 
best fit. From the “‘average deviation curve” cor- 
responding values of emf and temperature were 
calculated at 25 deg C intervals from 0 to 1825 °C. 

This set of values was taken as the “principal points” 
upon which the reference table would be based. 
Several methods were considered for constructing an 
expanded set of temperature and emf values (the 
reference table) at 1 deg intervals from the “principal 
points.” Hand calculation of the reference table using 
graphical interpolation and smoothing was a possible, 
but tedious solution. This method was not seriously 
considered, since a primary requirement was to adopt 
a method for representing the table that could be 
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easily adapted to computer use. The method of sec- 
ond degree Lagrange interpolation applied to the 
“principal points” was given serious consideration, 
but was rejected in favor of using a single equation 
or several smoothly jointing equations. 

The use of equations to represent the table instead 
of the Lagrange interpolation scheme seemed prefer- 
able for two reasons. First, equations require less 
storage space in the computer and their use is pre- 
ferred by most people. Second, a set of “key values” 
can be generated from the equations and then the 
Lagrange interpolation scheme can be used for rep- 
senting the table, if it is preferred. From preliminary 
curve fitting it was determined that a single poly- 
nomial equation of fairly low degree would not give 
an adequate representation of the temperature-emf 
relationship. Consequently, with the use of the IBM 
7094 computer a series of polynomial equations was 
fitted to the “principal points” by the method of least 
squares. By trial, it was found that a good fit was 
obtained with a series of three quartic equations of 
the form: E=a+bt+ct?+dt®+et*, where E is the 
emf in absolute millivolts and t is the temperature in 
degrees C (Int. 1948). The ranges of the three equa- 
tions are 0 to 800 °C, 800 to 1175 °C, and 1175 to 1820 
°C, and the coefficients of the equations were computed 
such that, at the crossover points of 800 and 1175 °C 
the emfs from each of the joining equations were equal 


and also the first derivatives (=) of emf with respect 


to temperature were equal. The largest or maximum 
deviation of the equations from the “principal points” 
was 0.56 nV below 1175 °C and 0.88 pV in the region 
above 1175 °C, while the standard deviations for the 
fit of the three equations to the “principal points” 
were 0.31, 0.36, and 0.40 wV for the ranges 0 to 800, 
800 to 1175, and 1175 to 1825, respectively. 

By substituting for t in the equations the relation- 
ship 5/9 (t;—32), where ty is the temperature in de- 
grees Fahrenheit, a set of three equations was calcu- 
lated with the temperature expressed in degrees 
Fahrenheit. The coefficients and temperature ranges 
for the two sets of equations are given in table 6. 

A method of successive approximations was devel- 
oped for obtaining values of temperature from the 
equations at exact integral values of the emf.  Suf- 
ficient accuracy was obtained with this inversion 
method by merely continuing the approximation until 
the required number of significant figures was 
achieved. 

Using the results of the tests described in sections 
4.la, 4.1b, and 4.1d and curve fitting techniques sim- 
ilar to those described previously, smoothed emf values 
for Pt-6.12 percent Rh versus Pt-27 were determined 
at 50 °C intervals from 0 to 1500 °C. A set of emf 
values for Pt-29.60 percent Rh versus Pt-27 was 
then obtained by adding the set of emf values for Pt- 
6.12 percent Rh versus Pt-27 to the temperature-emf 
values given by the reference table for the thermo- 
couple. 


TABLE 6. Coefficients and temperature ranges of equations for 30-6 thermocouple reference table 
Equations of the form (E=a+ bt+ ct? + dt? + et*)* where E is given in abs. millivolts. 








*t expressed in degrees Celsius 


*t expressed in degrees Fahrenheit 





Ranges 


0-800 °C 800-1175 °C 


Coefficients 


1175-1820 °C 


32-1472 F 


1472-2147 °F 


2147-3308 °F 





0 
— 2.37021 x 10-* 
0.5767866 x 10-5 
— .6332156 x 10-" 


— .48653 x 10-8 


— 1.5120133 
6.286779 x 10-3 
—0.4764704 x 10-5 

.6930475 x 10-8 


— .209649 x 10-"! 


6.5238699 
— 0.17621535 x 10-' 
2258695 x 10-4 
— .7488765 x 10-8 


8862174 x 10-" 


0.60419 x 10-7 

— .24594442 x 10-8 
- 17906004 x 10-5 

— .10798282 x 10-* 

— .46346781 x 10-4 


— 1.6253233 
0.35904493 x 10-? 
— .15858965 x 10-5 
-12139161 x 10-8 
— .19971135 x 10-” 


6.8443222 
— 0.10239859 x 10-' 
70950713 x 10-5 
— .12948876 x 10-* 
-84420950 x 10-'8 























6. Results 


6.1. Results of Tests on Thermocouple Materials 
Used in the Preparation of the Reference Table 


Reference tables (tables 1A and 3A) for the 30-6 
thermocouple for a reference junction temperature 
of 0 °C (32 °F) were generated from the polynomial 
equations (see table 6 for coefficients of the poly- 
nomial equations). In reference table 1A values of 
emf are given in absolute millivolts at 1 deg C intervals 
for the range 0 to 1820 °C. Similarly, table 3A gives 


97 


values of emf at 1 degree F intervals for the range 32 
to 3308 °F. Reference tables 2A and 4A are an in- 
version of tables 1A and 3A, respectively, and were 
developed by the computer technique described in 
the computation section. Table 2A gives values of 
the temperature in degrees C at 0.01 mV intervals, 
while table 4A gives values of temperature in degrees 
F at 0.01 mV intervals. 


The thermoelectric power (=) of the thermocouple 


was calculated from the polynomial equations and is 
plotted against temperature in figure 5. The thermo- 








electric power® of the more common Pt-10 percent 
Rh versus Pt thermocouple is also shown in figure 5 
Pt -10% Rh vsPt for purposes of comparison. The difference between 
the average calibration of the thermocouples from 
| each manufacturer and the temperature-emf relation- 
Pt- 30% Rh vs Pt-6%Rh ship given by the reference table are plotted in figure 
6 for the range 0 to 1750°C. The values shown in the 
figure in the range-0 to 1063 °C were calculated from 
the results of the tests described in sections 4.la and 
4.1b, and the values shown in the range 1063 to 1750 
°C were calculated from tests described in section 
4.1f. Since the elements of the thermocouples from 
each manufacturer were adjacent elements from the 
same wire lots, there was very little difference between 
the temperature-emf relationships of the thermo- 
couples from the same manufacturer. For example, 
at 1063 °C the emf of each individual thermocouple 
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FIGURE 5. Thermoelectric power (S-) of Pt-10 percent Rh versus Pt 


dt 5C . . : 
; 5 Calculated from the Pt-10 percent Rh versus Pt thermocouple reference table given in 
and Pt-30 percent Rh versus Pt-6 percent Rh thermocouples. NBS Cire. 561. 
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FIGURE 6. Emf difference between average calibration of thermocouples from each 
manufacturer (see table 2) and the reference table (table 1A). 

Emf difference equals emf of thermocouple minus emf of reference table. Open symbols indicate temperature 

determined with standard thermocouples and resistance thermometers as described in sections 4.la and 4.1b. 


respectively. Closed symbols indicate temperature determined with optical pyrometer as described in section 
4.1f. 
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test described in section 4.la), in no case differed 
by more than about 1 wV from the average emf of all 
the thermocouples from the manufacturer. For this 
reason, the individual calibrations of each of the 
thermocouples in table 2 are not shown but only the 
average calibration of the thermocouples of each 
manufacturer. 

In table 7 the emf of the platinum-6.12 percent 
rhodium and the platinum 29.60 percent rhodium ele- 
ments versus Pt-27 are given at 50 deg C intervals 
for the range 0 to 1500 °C. The difference between 
the temperature-emf values for the Pt-6.12 percent 
Rh elements of each manufacturer against Pt-27 and 
the temperature-emf values given in table 7 for the 
Pt-6.12 percent Rh versus Pt-27 are plotted in figure 7. 
Similarly, the difference between the temperature-emf 
values determined for the Pt-29.60 percent Rh ele- 
ments against Pt-27 and the temperature-emf values 
given in table 7 for Pt-29.60 percent Rh versus Pt-27 


are plotted in figure 8. 


TABLE 7. Emf of platinur-6.12 percent rhodium and platinum- 


29.60 percent rhodium versus Pt-27 


Temperature 
degrees C 
(Int. 1948) 

Pt-6.12% Rh 


0.000 
.276 
586 
.920 

1.272 


1.636 
2.007 
2.384 
2.765 


3.148 


3.534 
3.922 
4.313 
4.708 
5.106 


5.508 
5.914 
6.323 
6.737 
7.154 


7.576 
8.003 
8.432 
8.863 
9.296 


9.732 
10.169 
10.608 
11.046 
11.480 





11.911 





Emf (abs. mV) 


Pt-29.60% Rh 


0.000 
.278 
619 

1.012 
1.450 


1.927 
2.438 
2.980 
3.551 


4.150 


4.775 
5.427 
6.104 
6.808 


7.537 


8.292 
9.072 
9.874 
10.700 
11.549 


12.420 
13.314 
14.225 
15.153 
16.096 


17.058 
18.035 
19.026 
20.025 
21.029 


22.035 
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FIGURE 7. Emf difference between Pt-6.12 percent Rh elements of 
each manufacturer and corresponding values in table 7 for emf of 
Pt-6.12 percent Rh versus Pt-27. 

Emf difference equals emf of element minus emf in table 7 at temperature indicated. 

Values shown determined in tests described in sections 4.1a. 4.1b. and 4.1d. 
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FIGURE 8. Emf difference between Pt-29.60 percent Rh elements 
of each manufacturer and corresponding values in table 7 for emf 
of Pt-29.60 percent Rh versus Pt-27. 

Emf difference equals emf of element minus emf in table 7 at temperature indicated. 

Values shown determined in tests described in sections 4.1a. 4.1b. and 4.1d. 


the emfs of the platinum-rhodium wires with composi- 
tions of Pt-29.50 percent Rh, Pt-29.75 percent Rh, 
Pt-30.00 percent Rh, Pt-30.25 percent Rh are shown 
versus a Pt-29.60 percent Rh wire (positive leg of 


6.2. Results of Tests on Platinum-Rhodium Wires 


With Various Percentages of Rhodium thermocouple B2) for the 0 to 1600 °C range. 


The emfs of the platinum-rhodium wires with com- 
positions of Pt-5.90 percent Rh, Pt-5.95 percent Rh, 
Pt-6.00 percent Rh, Pt-6.05 percent Rh, Pt-6.10 percent The deviations (expressed in microvolts) of the vari- 


Rh are shown versus a Pt-6.12 percent Rh wire (nega- ous thermocouples in table 4 from the reference table 
tive leg of thermocouple B2) in figure 9. In figure 10 are shown in figure 11. 


6.3. Results of Testing for Other 30-6 Thermocouples 
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FIGURE 10. Em/f of platinum-rhodium wires with various percentages 
\ \ 1 \ \ 1 of rhodium versus a Pt-29.60 percent Rh wire (positive element of 

400 800 1200 1600 thermocouple B2). 
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FIGURE 9. Emf of platinum-rhodium wires with various percentages 
of rhodium versus a Pt-6.12 percent Rh wire (negative element of 
thermocouple B2). 
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FIGURE 11. Deviation of thermocouples in table 4 from reference table. 
Emf difference equals emf of thermocouple minus emf of reference table. Solid portion of curves indicate 
range of calibration data and dashed portions are extrapolated. 
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7. Discussion 


As shown in figure 6 the differences between the 
average calibrations of the thermocouples from the 
different manufacturers and the temperature-emf rela- 
tionship given by the reference table are quite small. 
The largest deviation for thermocouples from an Ameri- 
can manufacturer occurs at 1750 °C for the thermo- 
couples from manufacturer A and is only about 28 wV 
(about 2.4 °C). The differences between the tempera- 
ture-emf relationships of the individual thermoele- 
ments of the thermocouples are somewhat larger than 
the difference between the temperature-emf relation- 
ships of the thermocouples themselves, as shown in 
figures 7 and 8. The spread between the temperature- 
emf relationships of the Pt-6.12 percent Rh thermoele- 
ments (fig. 7) is about the same as for the Pt-29.60 
percent Rh thermoelements (fig. 8). The maximum 
spreads occur at the highest temperature measured, 
1500 °C, and are about 80 pV and 75 pV for the Pt-6.12 
percent Rh and Pt-29.60 percent Rh thermoelements, 
respectively. 


It is interesting to note that the temperature-emf 
relationships of thermocouples from different manu- 
facturers may agree quite closely, even though the 
temperature-emf relationship for the corresponding 
thermoelements of the thermocouples differ consider- 
ably. This is the case for the thermocouples from 
manufacturers B and C. It is also interesting that the 
spread between the temperature-emf relationships of 
the Pt-29.60 percent Rh elements from different manu- 
facturers is about as large as the spread between the 
temperature-emf relationships of the Pt-6.12 percent 
Rh elements. This is a little surprising, since a small 
variation in rhodium content has a more pronounced 
effect on the temperature-emf relationship of the dilute 
alloy (Pt-6.12 %- Rh). 

The differences between the temperature-emf rela- 
tionships of the various thermocouples and platinum- 
rhodium thermoelements are attributed to slight 
variations in the chemical compositions of the wires. 
In general, two platinum-rhodium wires of the same 
nominal type will differ slightly in chemical composition 
because of a variation in purity combined with a slight 
variation in the rhodium content. 


It can be seen from the results of the spectrochemi- 
cal analyses (table 3) that some significant differences 
in the purity of the platinum-rhodium thermoelements 
from the various manufacturers do exist. Appreciable 
amounts of Fe, Ir, Au, Pd, Si, and Al were detected in 
some of the platinum-rhodium wires as well as small 
traces of Ca, Mg, B, and Cu. A fairly large amount of 
aluminum was detected in the Pt-29.60 percent Rh wire 
submitted by manufacturer B, while none was detected 
in any of the other wires. However, the aluminum is 
probably present in oxide form and would be expected 
to have little or no effect on the thermoelectric charac- 
teristics of the wire. Of more importance is that the 
concentrations of Fe, Ir, Au, and Pd detected in the 
wires of manufacturers A and D were, in general, some- 
what higher than the concentrations detected in the 
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wires of manufacturers B and C. Another interesting 
point is that the wires of manufacturer D (Degussa) 
contained less Si than the wires submitted by the 
American manufacturers (A, B, and C). Also, the 
results of the analysis on the reference grade platinum 
wire shows that commercially available thermocouple 
platinum is considerably more pure than platinum- 
rhodium alloys. Consequently, the relative impurity 
of the platinum-rhodium alloys is attributed for the 
most part to impurities in the rhodium constituent. 
The curves in figures 9 and 10 show the effect on the 
temperature-emf relationship of Pt-6 percent Rh and 
Pt-30 percent Rh thermoelements, respectively, caused 
by small variations in rhodium content. The differ- 
ences between the curves are assumed to a first 
approximation to be entirely due to differences in 
rhodium. This assumption seems reasonable since 
the wires in each group were prepared by the same 
manufacturer from the same batch of platinum and 
rhodium. For example, the Pt-30.25 percent Rh wire 


should contain the same inpurities as the Pt-29.50 per- 
cent Rh wire and the concentrations would be expected 


to differ by a factor of only about — = (ratio of the 


rhodium percentages). It can be calculated from the 
curves that a 0.1 percent change in the rhodium content 
of a Pt-29.60 percent Rh wire will produce a corre- 
sponding change in the emf of about 15 nV at 1500 °C, 
while a change in the rhodium content of only about 
0.01 percent will produce the same change in the emf 
of a Pt-6.12 percent Rh wire. 

Efforts to determine the percentage of rhodium in the 
Pt-Rh_ elements from the different manufacturers to a 
few hundredths of a percent by chemical analysis were 
unsuccessful. Consequently, it is difficult, if not im- 
possible, to establish whether the differences between 
the temperature-emf relationships of the thermoele- 
ments from different manufacturers are caused pri- 
marily by variation in purity or by variation in rhodium 
content. However, the variations of the impurities 
and their concentrations between thermoelements 
undoubtedly are large enough to be responsible for at 
least part of the differences. Also, slight variations in 
the rhodium content of thermoelements from different 
manufacturers are unavoidable and these variations 
combined with the variations in purity can easily 
account for the differences in emf shown in figures 7 
and 8. 

It has been suggested that slight differences in the 
alloying percentage of platinum and rhodium, and 
variations in purity can explain differences in the 
temperature-emf relationships of thermoelements and 
thermocouples from different manufacturers. For 
these same reasons differences between the tempera- 
ture-emf relationships of thermocouples from the same 
manufacturer, but from different lots, will also occur. 
Comparison of the deviation curves in figure 11 with the 
deviation curves in figure 6, shows that the differences 
between the temperature-emf relationships of thermo- 
couples from the same manufacturer do exist and can 
be rather large. For example, the difference between 
the average calibration of thermocouples Cl, C2, and 





C3 (shown by curve for manufacturer C in fig. 6) and 

‘the calibration of thermocouple C11 (see fig. 11) is 
about 130 pV at 1600 °C. The difference is larger 
than the differences between the temperature-emf 
relationships of any of the other thermocouples and 
probably represents a rather extreme case. For ther- 
mocouples tested from the other manufacturers 
differences in emf at 1600 °C ranging from a few 
microvolts up to about 60 nV were typical for lot to lot 
differences. 

If thermocouple C11 is disregarded. the variations 
among the temperature-emf relationships of all the 
other thermocouples in tables 2 and 4 are surprisingly 
small considering that five different manufacturers and 
about 12 different lots of wire are represented. The 
maximum difference between the temperature-emf re- 
lationships of the various thermocouples at 1600 °C is 
about 70 nV (about 6 deg C), and the largest deviation 
of any thermocouple from the reference table is only 
about 45 pV (about 3.8 deg C). Consequently, it is 
estimated that nearly all the 30-6 thermocouples pro- 
duced by manufacturers in this country will have 
temperature-emf relationships that agree with the 
temperature-emf relationship given by the reference 
table to within the equivalent of +0.5 percent of the 
temperature in the range 500 to 1800 °C and to within 
+15 pV for temperatures below 500 °C. 

These values do not represent a standard manufac- 
turing tolerance for the 30-6 thermocouple, nor are 
they a recommendation for one. The values are 
merely estimates, based upon the calibrations of a 
rather small sampling of thermocouples which have 
been tested at NBS. The values are intended to 
serve as a guide for prospective users of the thermo- 
couple, since no standard manufacturing tolerances 
exist for the thermocouple at present. If the 30-6 
thermocouple comes into common use in this country, 
technical societies and manufacturers will most likely 
agree upon and adopt standard manufacturing 
tolerances. 

The difference between the Degussa reference 
curves (old and new) and the reference table presented 
with this paper are shown in figure 12. It can be seen 
that the differences between the new Degussa refer- 
ence curve. established by Obrowski and Prinz [7], 
and the temperature-emf relationship given by the 
NBS table are less than the spread between the tem- 
perature-emf relationships of the thermocouples tested 
in this investigation. The difference at 1600 °C is 19 
LV or about 1.6 deg C while the maximum difference 
occurs at 1800 °C and is only 33 wV or about 2.9 deg C. 
This indicates that the thermocouples used by Obrow- 
ski and Prinz in establishing the new Degussa refer- 
ence curve had essentially the same characteristics as 
the Pt-29.60 percent Rh versus Pt-6.12 percent Rh 
thermocouples produced by American manufacturers. 

The fact that the emf developed by the 30-6 thermo- 
couple is relatively small (about two-thirds the emf of 
the Pt-10 percent Rh versus Pt thermocouple at 1700 
°C as shown in fig. 1) imposes no particular restric- 
tions on the use of the thermocouple at high tempera- 
tures. The thermoelectric power or sensitivity of the 
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FIGURE 12. Emf difference between Degussa reference curves (old 
and new) and NBS reference table for 30-6 thermocouple. 
Emf difference equals emf of Degussa curves minus emf of NBS reference table. 


thermocouple above 1100 °C, which is most important, 
is fairly high (> 9 wV/°C) and compares favorably with 
the thermoelectric power of the Pt-10 percent Rh 
versus Pt thermocouple as shown in figure 5. One 
advantage of the 30-6 thermocouple over most other 
types of thermocouples, is that the thermoelectric 
power and emf of the thermocouple are almost negli- 
gible in the normal room teraperature range. Conse- 
quently, in most applications the reference junction 
temperature of the thermocouple does not need to be 
controlled or even known as long as it is between 0 and 
50 °C. For example, as shown by the reference tables 
the emf developed by the thermocouple with the refer- 
ence junctions at 0 °C undergoes a reversal in sign at 
about 41 °C, and between 0 and 50 °C varies from a 
minimum of about — 2 pV at about 20°C to a maximum 
of about +3 pV at 50 °C. Therefore, in use, if the 
reference junctions of the thermocouple are both at 
the same temperature and within the range 0 to 50 °C, 
then a 0 °C reference junction temperature can be 
assumed and the error introduced will not exceed 3 wV. 
At high temperatures (above 1100 °C) an additional 
error of 3 wV (about 0.3 deg) in the measurements 
would be insignificant in most instances. 

The arbitrary nature of the reference tables reported 
in this paper should be emphasized. The tables are 
intended only to accurately represent the general shape 
of the temperature-emf curve for the 30-6 thermocou- 
ple, and should not be expected to represent the actual 
emf, even for a thermocouple having exactly the com- 
position given (Pt-29.60 % Rh versus Pt-6.12 % Rh). 

In general, the temperature-emf relationship of a 
particular 30-6 thermocouple will deviate somewhat 
from the relationship given by the reference table. 
The deviation can be expected to be rather small and 
vary smoothly as shown by the curves in figures 6 and 
11. Consequently, a deviation curve from the refer- 
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ence table can be constructed that will yield a calibra- 
tion sufficiently accurate for most purposes, by cali- 
brating a particular thermocouple at relatively few 
temperatures. The uncertainties in interpolated emf 
values calculated for the thermocouple from the devia- 
tion curve will then depend upon the number and 
spacing of the calibration points used in constructing 
the deviation curve, the uncertainty in the calibration 
points, and the quality or “accuracy” of the reference 
table. Obviously, the quality or “‘accuracy” of the 
reference table will depend to a certain extent on the 
accuracy of the measurements upon which the table is 
based and upon the method employed for constructing 
the table from the measured data. 

The inaccuracies introduced in the reference table 
for the 30-6 thermocouple by the method employed 
for interpolating between the measured data are not 
believed to be significant. Almost any interpolation 
scheme will give an adequate representation of the data 
since there is an abundance of data and the tempera- 
ture intervals between the data points are small. 
Therefore, any inaccuracy in the shape of the tempera- 
ture-emf relationship given by the table is attributed 
for the most part to uncertainties in the measurements. 

At temperatures below 450 °C the thermoelectric 
power of the 30-6 thermocouple becomes quite small. 
Hence, the accuracy of the measurements is limited. 
in this range by inhomogeneities in the thermocouple 
materials and by limitations in the testing facilities and 
measuring equipment, rather than by uncertainties in 
the calibration of the standard instrument (platinum 
resistance thermometer) used for measuring the tem- 
perature.- In the range 450 to 1063 °C the accuracy 
is limited primarily by uncertainties in the calibration 
of the platinum-10 percent rhodium versus platinum 
thermocouples used in the measurements for deter- 
mining the temperature. Similarly the accuracy of 
the measurements above 1063 °C is limited by uncer- 
tainties in the calibration of the optical pyrometer. In 
addition, factors such as electrical leakage through the 
insulating parts and changes in the chemical composi- 
tion of the wires may contribute to the uncertainty in 
the measurements above 1063 °C. Changes in the 
chemical composition of the wires may result from 
chemical contamination, preferential loss of platinum 
or rhodium by oxidation and volatilization, and rhodium 
migration. Considering the thermocouple wire sizes 
used, the quality and sizes of the alumina insulating 
tubes used, and the rather short exposure times in-' 
volved, none of the factors are believed to introduce 
any significant uncertainty in the measurements for 
temperature up to about 1600 °C. However, above 
about 1600 °C the factors become more serious. 

In preliminary experiments, beryllia (BeO) insulating 
tubes were found to have higher electrical resistance 
in the 1600 to 1790 °C range than alumina tubes by a 
factor of two or more. Consequently, the thermo- 
couples were insulated with BeO insulating tubes for 
measurements in the range above 1600 °C. Even so, 
electrical conduction through the BeO insulating tubes 
is believed to have produced a small error in the meas- 
urements. From determinations made on the insula- 


tion resistance of the BeO tubes, by measuring the 
resistance between the wires of thermocouples with 
their measuring junctions open, the magnitude of the 
error is estimated not to exceed 0.5 deg C for tempera- 
tures up to 1790 °C. 


Some significant shifts in the thermoelectric charac- 
teristics of the thermocouples occurred as a result of 
testing in the 1600 to 1790 °C range. The shifts were 
detected by measuring the emf of the thermocouples 
at a lower temperature (1063 °C) before and after the 
measurements in the 1600 to 1790 °C range and were 
attributed to changes in the chemical composition of 
the thermocouple wires. Chemical contamination 
by impurities transferred from the insulating and pro- 
tecting parts was believed to have been the principal 
cause of the compositional changes. The error intro- 
duced in the measurements above 1600 °C because of 
the compositional changes in the thermocouple wires is 
estimated to be not more than about | deg C. 


Another source of error in the measurements above 
1063 °C is introduced by the alumina “blackbodies.” 
In all the measurements with the optical pyrometer the 
spectral emissivities of the alumina “blackbodies” at 
a wavelength of 0.65 mw were taken as 1. Conse- 
quently, any departure in the spectral emissivities from 
1 will produce an error in the measurements. The 
spectral emissivity or quality of a blackbody depends 
upon the internal dimensions of the blackbody cavity. 
the nature of the internal reflections (diffuse or specu- 
lar), the values of the reflection factor, and the tempera- 
ture distribution over the cavity walls [9]. Assuming 
uniform temperature of the cavity walls and using the 
calculations described by DeVos [9] with an experi- 
mentally determined value for the partial reflectivity 
of alumina, the spectral emissivities at a wavelength 
of 0.65 yw of the alumina “‘blackbodies” are estimated 
to be about 0.999. A departure of 0.001 in the spec- 
tral emissivities of the alumina “blackbodies” from 
the assumed value of | produces an uncertainty of less 
than 0.2 °C in the measurements in the range 1063 to 
1790 °C. However, the temperature distributions 
along the walls of the blackbody cavities or sight holes 
were not uniform during the measurements. The tem- 
perature gradient along the alumina “blackbody” 
which was heated in the Pt-Rh wire wound tube fur- 
nace seldom exceeded more than | deg perinch. This 
would have a negligible effect upon the spectral emis- 
sivity of the blackbody cavity, but would introduce an 
additional error in the measurements. When there 
was a temperature gradient along the alumina “‘black- 
body” the measuring junction of the thermocouple 
being tested would not have been at the temperature of 
the back wall of the blackbody cavity. since it was 
located approximately 1/s in. from the cavity wall. 
Errors introduced by temperature gradients in the 
alumina “blackbody” are estimated not to exceed more 
than 0.2 or 0.3 deg for measurements in the Pt-Rh wire 
wound tube furnace. 


The quality of the alumina “‘blackbodies” is verified 


experimentally by the good agreement (about 0.5 deg) 
achieved at 1063 °C between the calibrations of the 
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various 30-6 thermocouples determined by comparison 
with the standard thermocouple (sec. 4.la and 4.le) 
and by comparison with the optical pyrometer (sec. 
4.1f). The agreement achieved between the two 
methods of calibration really reflects the accuracy of 
the entire system since the quality of the furnace, 
thermocouples, optical pyrometer calibration and 
blackbody influence the agreement. 


The results of other tests described in this paper also 
give some experimental verification to the accuracy 
of the measurements above 1063 °C. The calibrations 
of thermocouples by direct comparison with the optical 
pyrometer which were performed in both the silicon 
carbide tube furnace (sec. 4.lc) and the Pt-Rh wire 
wound tube furnace (sec. 4.1f) were in agreement to 
within about 0.5 deg C at 1063 °C and to within about 
2 deg C at temperatures up to 1600 °C. In general, 
the calibrations in the Pt-Rh wire wound tube furnace 
yielded slightly higher emfs for the thermocouples 
than the calibrations performed in the SiC tube fur- 
nace. The calibrations in the Pt-Rh wire wound tube 
furnace were considered more reliable since problems 
with electrical leakage, hazing and nonuniformity of 
temperature were experienced in the SiC tube furnace. 
For this reason, the data obtained in the calibrations 
performed in the SiC tube furnace were not used in the 
calculation of the reference table. Even though the 
measurements made in the SiC tube furnace may be 
questionable, the agreement between the calibrations 
made in the two different furnaces does give added con- 
fidence in the measurements. Further confidence, in 
the measurements above 1063 °C is gained by the 
agreement achieved between calibrations of thermo- 
couples determined by direct comparison with stand- 
ard Pt-10 percent Rh versus Pt thermocouples (sec. 
4.l1e) and by direct comparison with the optical pyrome- 
ter (sec. 4.1f). Calibrations of the same thermocouples 
by the two different methods agree to within 1 deg C in 
the range 1063 to 1350 °C and to within about 2 deg C 
up to 1450 °C. This agreement is quite satisfactory, 
since the calibrations of the standard Pt-10 percent 
Rh versus Pt thermocouples were obtained by extrapo- 
lation above 1063 °C and are estimated to be uncertain 
by 2 deg C at 1450 °C. 


Since the 30-6 thermocouple is primarily intended 
for use in the range above 1063 °C, particular emphasis 
is placed upon the accuracy of the measurements in 
this range. Other tests, which are not described in 
this paper, were performed in hope of gaining more 
insight into the accuracy of the measurements. For 
example several 30-6 thermocouples were calibrated 
at the melting points of palladium (1552 °C) and plati- 
num (1769 °C) by the wire method [10], and these 
calibrations differed from calibrations based upon com- 
parison with an optical pyrometer by no more than about 
1. deg C at the melting point of palladium and by no 
more than 2 deg C at the melting point of platinum. 
These differences were not considered unreasonable 
since the measurements by the wire method were 
estimated to be uncertain by about 1.5 deg C at the 
melting point of palladium and 2 or 3 deg C at the melt- 
ing point of platinum. Several 30-6 thermocouples 


were also calibrated in a vertical “blackbody” furnace 
[11] at temperatures up to 1600 °C in an helium atmos- 
phere and a different calibrated optical pyrometer was 
used to determine the temperature. These calibra- 
tions were in agreement with calibrations of the ther- 
mocouples performed in air in the Pt-Rh wire wound 
tube furnace to within about 2 deg C up to 1600 °C. 
In another test, a 30-6 thermocouple was calibrated by 
direct comparison with a calibrated Leeds and North- 
rup type 8640 photoelectric pyrometer in the range 
1063 to 1555 °C. The thermocouple was heated in the 
Pt-Rh wire wound furnace. The difference between 
this calibration and a calibration of the thermocouple 
in the same furnace, but using the visual optical py- 
rometer to determine the temperature, varied from 
about 0.5 deg C at 1063 °C to about 1.5 deg C at 1555 °C. 


After considering the capabilities of the standard 
instruments and test facilities used, the quality and 
stability of the thermocouples tested, and the results 
of the various tests performed, the uncertainties in the 
measurements that were used in calculating the refer- 
ence table are estimated not to exceed +2 pV in the 
range 0 to 450 °C and about +3 pV in the range 450 to 
1063 °C. The uncertainties in the measurements 
increased above 1063 °C and are estimated not to 
exceed the equivalent of about +2 deg C at 1400 °C, 
and about + 3 or 4 deg C at 1750 °C. Furthermore, it 
is estimated that determinations of the emf of a particu- 
lar 30-6 thermocouple at about 600, 1063, and 1300 °C 
by comparison with a standard Pt-10 percent Rh versus 
Pt thermocouple and at the melting point of palladium 
(1552 °C) by the melting wire method will be sufficient 
to construct a deviation curve from the reference table 
such that the resulting calibration will be accurate to 
within +6 wV up to 1063 °C, the equivalent of about 
+3 deg C up to 1550 °C, and the equivalent of about 
+5 deg C above. 


Calibration of other 30-6 thermocouples can then be 
determined rather easily by directly comparing them 


with a calibrated 30-6 thermocouple. In any event, 
calibration of 30-6 thermocouples by direct comparison 
with an optical pyrometer will generally prove undesir- 
able, since the method is tedious, time consuming, and 
requires rather elaborate facilities and techniques. 
Also, actual calibration of the thermocouples above 
about 1600 °C seems undesirable in most instances, 
since it is likely to introduce some instability in the 
thermocouple and render it less reliable in use. Cali- 
bration values above 1600 °C can be obtained accu- 
rately by extrapolating the deviation curve. 

Based upon the experience gained at NBS with the 
30-6 thermocouple during the present studies, the 
following information is summarized for the thermo- 
couple. 


(1) Nearly all 30-6 thermocouples produced by 
manufacturers in this country will have temperature- 
emf relationships that agree with the temperature-emf 
relationship given by the reference table to within the 
equivalent of +0.5 percent of the temperature in the 
range 500 to 1800 °C and to within+ 15 pV for tempera- 
tures below 500 °C. 
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(2) Calibration of a particular 30-6 thermocouple at 
four points (about 600, 1063, 1300, and 1552 °C) will be 
sufficient to construct a deviation curve from the refer- 
ence table such that the resulting calibration will be 
accurate to within +6 wV up to 1063 °C, the equivalent 
of about +3 °C up to 1552 °C, and the equivalent of 
about + 5 °C above. 


(3) Actual calibration of the thermocouple above about 
1600 °C is not recommended, since some instability 
may result in the thermocouple. Values above 1600 
°C may be accurately determined by extrapolation. 


(4) High purity alumina is recommended for insula- 


tion and protection of the thermocouple but caution 
should be exercised at temperatures above about 1600 
°C for errors introduced by the electrical conductance 
of the insulators. 

(5) The use of large diameter wires (at least 0.020 in.) 
and larger size insulating tubes is recommended for 
operating temperatures above 1500 or 1600 °C, so as to 
give the thermocouple added strength and to minimize 
errors due to electrical leakage. 

(6) In most instances. the reference junction tem- 
perature need not be controlled since the emf and 
thermoelectric power of the thermocouple at normal 
room temperatures are very small. 


8. Appendix 


TABLE 1A. Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples 


(Temperatures in Degrees C(Int. 1948). 








Electromotive Force in Absolute Millivolts. 
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Reference Junctions at 0 °C.) 


o 


Millivolts 





— 0.001 


— 0.002 
— 0.002 
— 0.001 


0.001 
0.004 
0.009 


0.014 
0.021 
0.029 





0.038 





0.048 
0.059 
0.072 


0.085 
0.099 
0.115 


0.132 
0.149 
0.168 





0.188 





0.209 
0.231 
0.254 


0.279 
0.304 
0.330 


0.358 
0.386 
0.415 








TABLE 1A. Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples — Continued 


(Temperatures in Degrees C(Int. 1948). Electromotive Force in Absolute Millivolts. Reference Junctions at 0 °C.) 
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Millivolts 





0.446 0.449 0.452 





0.477 0.481 0.484 
0.510 0.513 0.517 
0.543 0.547 0.550 


0.578 0.582 0.585 
0.614 0.617 0.621 
0.650 0.654 0.658 


0.688 0.692 0.696 
0.726 0.730 0.734 
0.766 0.770 0.774 





0.807 0.811 0.815 





0.848 0.853 0.857 
0.891 0.895 0.900 
0.934 0.939 0.943 


0.979 0.984. 0.988 
1.025 1.029 1.034 
1.071 1.076 1.080 


1.118 1.123 1.128 
1.167 1.172 1.177 
1.216 1.221 1.226 








1.267 1.272 1.277 





1.318 1.323 1.328 
1.370 1.375 1.381 
1.423 1.429 1.434 


1.477 1.483 1.488 
1.532 1.538 1.543 
1.588 1.594 1.599 


1.645 1.651 1.656 
1.703 1.709 1.714 
1.761 1.767 1.773 





1.821 1.827 1.833 








1.882 1.888 1.894 
1.943 1.949 1.955 
2.005 2.011 2.018 


2.068 2.075 2.081 
2.132 2.139 2.145 
2.197 2.204 2.210 


2.263 2.270 2.276 
2.330 2.337 2.343 
2.397 2.404. 2.411 



































TABLE 1A. Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples — Continued 
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2.431 2.445 2.459 2.466 2 2.486 





2.500 2.514 2.528 2.535 2.542 2.¢ 2.556 2.563 
2.570 2.584 2.598 2.605 2.612 A 2.626 2.633 
2.641 2.655 2.669 2.676 2.683 2. 2.698 2.705 


2.712 2.726 2.741 2.748 2.755 -163 2.770 2.777 
2.784 2.799 : 2.813 2.821 2.828 835 2.843 2.850 
2.857 2.872 2.887 2.894 2.901 : 2.916 2.924 


2.931 2.946 2.961 2.968 2.976 2: 2.991 2.998 
3.006 3.021 3.036 3.043 3.051 3.0! 3.066 3.074 
3.081 3.097 3.112 3.119 3.127 3.13: 3.142 3.150 





3.158 3.173 3.188 3.196 3.204 Bed & 3.219 3.227 





3.235 3.250 3.266 3.274 3.281 3.4 3.297 3.305 
3.313 3.328 3.344 3.352 3.360 3. 3.376 3.384 
3.391 3.407 3.423 3.431 3.439 3. 3.455 3.463 


3.471 3.487 3.503 3.511 3.519 3.5% 3.535 3.543 
3.551 3.567 3.583 3.591 3.600 3. 3.616 3.624 
3.632 3.648 3.665 3.673 3.681 3: 3.697 3.706 


3.714 3.730 3.747 3.755 3.763 3. 3.780 3.788 
3.796 3.813 3.829 3.838 3.846 3.85 3.863 3.871 
3.879 3.896 3.913 3.921 3.930 3.9% 3.947 3.955 





3.963 3.980 3.997 4.006 4.014 02: 4.031 4.040 





4.048 4.065 4.082 4.091 4.099 : 4.117 4.125 
4.134 4.151 4.168 4.177 4.185 19 4.203 4.211 
4.220 4.237 4.255 4.263 4.272 4A: 4.290 4.298 


4.307 4.324 4.342 4.351 4.360 = 4.377 4.386 
4.395 4.412 4.430 4.439 4.448 AE 4.465 4.474 
4.483 4.501 4.519 4.528 4.537 oA 4.594 4.563 


4.572 4.590 4.608 4.617 4.626 63: 4.644 4.653 
4.662 4.680 4.698 4.707 4.716 a? 4.735 4.744 
4.753 4.771 4.789 4.798 4.807 ; 4.826 4.835 





4.844 4.862 4.881 4.890 4.899 3 4.918 





4.936 4.954 4.973 4.982 4.992 5. 5.010 
5.029 5.047 5.066 5.075 5.085 3. 5.103 
5.122 5.14] 5.160 + 5.169 5.178 °. 5.197 


5.216 9.235 5.254 5.263 5.273 5.28: 5.292 
5.311 9.3¢ 5.349 ~ §.308 5.368 3. 5.387 
5.406 : 5.425 : 5.444 5.454 5.463 


5.502 5.53 5.540 5.950 5.560 
5.598 5. 5.637 5.647 5.657 
5.695 3.71 5.734 5.744 5.754 
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5.803 5.82: 5.832 5.842 





5.901 5.9% 5.931 5.941 
6.000 0: 6.030 6.040 
6.100 li 6.130 6.140 


6.200 222 6.230 6.240 
6.300 my 6.330 6.340 
6.401 Ae 6.432 6.442 
6.503 02. 6.533 6.543 
6.605 -62: 6.635 6.646 
6.707 WP 6.738 6.749 





6.811 Reh 6.842 6.852 





6.915 95 6.946 6.956 
7.019 | a 7.051 7.061 
TAZ: | as 7.156 


7.230 od .25: 7.262 
7.337 a Bs 7.369 
7.444 455 46! 7.476 
by 06: BYE 7.584 
b) : . 7.692 
6 7.801 





87 : , 7.910 





7.987 : ’ 8.020 
8.097 : ; 8.130 
8.207 y 22 8.240 


8.318 ; 8.351 
8.429 . : 8.463 
8.541 06: 8.574 


8.653 : 8.686 
8.765 : 8.799 
8.878 : 8.912 





8.99] 01; 9.025 





9.104 li 9.138 
9.218 LZ 9.252 -26: 
9.332 oe 9.366 “ 9.400 


9.446 ’ 9.480 49% 9.514 
9.560 08: 9.595 E 9.629 
9.675 E 9.709 WP 9.744 


9.790 81; 9.824 } 9.859 
9.905 92 9.939 L 9.974. 
10.020 } 10.055 . 10.089 
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10.124 10.136 10.147 10.159 10.170 10.182 10.193 10.205 10.217 10.228 





10.240 10.251 10.263 10.274 10.286 10.298 10.309 10.321 10.332 10.344 
10.356 ‘ 10.367 10.379 10.390 10.402 10.413 10.425 10.437 10.448 10.460 
10.471 10.483 10.495 10.506 10.518 10.529 10.541 10.553 10.564 10.576 


10.587 10.599 10.611 10.622 10.634 10.646 10.657 10.669 10.680 10.692 
10.704 10.715 10.727 10.739 10.750 10.762 10.773 10.785 10.797 10.808 
10.820 10.832 10.843 10.855 10.866 10.878 10.890 10.901 10.913 10.925 


10.936 10.948 10.960 10.971 10.983 10.995 11.006 11.018 11.029 11.041 
11.053 11.064 11.076 11.088 11.099 11.111 11.123 11.134 11.146 11.158 
11.169 11.181 11.193 11.204 11.216 11.228 11.239 11.251 11.263 11.274 





11.286 11.298 11.309 11.321 11.333 11.344 11.356 11.368 11.379 11.391 





11.403 11.414 11.426 11.438 11.449 11.461 11.473 11.484 11.496 11.508 
11.519 11.531 11.543 11.554 11.566 11.578 11.589 11.601 11.613 11.624 
11.636 11.648 11.659 11.671 11.683 11.694 11.706 11.718 + 11.729 11.741 


11.753 11.764 11.776: 11.788 11.799 11.811 11.823 11.834 11.846 11.858 
11.869 11.881 11.893 11.905 11.916 11.928 11.940 11.951 11.963 11.975 
11.986 11.998 12.010 12.021 12.033 12.045 12.056 12.068 12.080 12.091 


12.103 12.115 12.126 12.138 12.150 12.161 12.173 12.185 12.196 12.208 
12.220 12.231 12.243 12.255 12.266 12.278 12.290 12.301 12.313 12.325 
12.336 12.348 12.360 12.371 12.383 12.395 12.406 12.418 12.430 12.441 





12.453 12.465 12.476 12.488 12.500 12.511 12.523 12.535 12.546 





12.570 12.581 12.593 12.605 12.616 12.628 12.640 12.651 12.663 
12.686 12.698 12.709 12.721 12.733 12.744 12.756 12.768 12.779 
12.803 12.814 12.826 12.838 12.849 12.861 12.872 12.884 12.896 


12.919 12.931 12.942 12.954. 12.966 12.977 12.989 13.000 13.012 
13.035 13.047 13.059 13.070 13.082 13.093 13.105 13.117 13.128 
13.152 13.163 13.175 13.186 13.198 13.210 13.221 13.233 13.245 


13.268 13.279 13.291 13.303 13.314 13.326 13.337 13.349 13.361 
13.384 13.395 13.407 13.419 13.430 13.442 13.453 13.465 13.477 
13.500 13.511 13.523 13.534 13.546 13.558 13.569 13.581 13.592 





13.616 13.627 13.639 13.650 13.662 13.673 13.685 13.696 13.708 





13.731 ° 13.743 13.754 13.766 13.777 13.789 13.801 13.812 13.824 
13.847 






































TABLE 2A. Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples 
(Electromotive Force in Absolute Millivolts. Temperatures in Degrees C(int. 1948). Reference Junctions at 0 °C.) 








Millivolts 0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 
— ———__- 





Degrees C 





107.1 116.8 29. 133.8 





179.7 185.3 195.9 200.9 





210.7 215.% 228.8 233.1 241.5 245.5 
253.5 257. 268.6 272.3 279.4 ‘282.9 
289.8 293.2 303.1 306.3 312.7 315.8 


322.0 325. 334.0 336.9 342.7 345.6 
351.2 354, 362.2 364.9 370.3 372.9 
378.2 380. 388.4 391.0 396.0 398.5 


403.4 5. 413.0 415.4 420.1 422.5 
427.1 29. 436.3 438.5 443.0 445.2 





449.6 OL, 458.4 460.5 464.8 466.9 





471.1 3.2 479.5 481.5 485.6 487.7 
491.7 3.7 499.7 501.7 505.7 507.6 
511.5 513.! 519.3 521.2 525.0 526.9 


530.7 532.5 538.1 540.0 543.7 545.5 
549.2 Sol. 556.4 558.2 561.8 563.6 
567.1 568. 574.1 575.9 579.3 581.1 


584.5 586.2 591.4 593.1 596.4 598.1 
601.5 3.2 608.1 609.8 613.1 614.7 
618.0 lef 624.5 626.1 629.4 631.0 





634.2 35. 640.5 642.1 645.3 646.8 





650.0 91.5 656.2 657.7 660.8 662.3 
665.4 bh 671.5 673.0 676.0 677.5 
680.5 2S 686.5 688.0 691.0 692.4 


695.4 ! 701.2 702.7 705.6 707.1 
710.0 : 715.7 717.1 720.0 721.4 
724.3 25. 729.9 731.3 734.1 735.5 


738.3 39. 743.9 745.3 748.1 749.4 
752.2 53. 757.7 759.0 761.7 763.1 
765.8 2 771.2 772.5 775.2 776.6 





779.2 f 784.5 785.9 788.5 789.8 





792.5 3. 797.7 799.0 801.6 802.9 
805.5 . E 810.7 812.0 814.5 815.8 
818.4 h 823.5 824.7 827.3 828.6 


831.1 32.; 836.1 837.4 839.9 841.1 
843.6 . 848.6 849.9 852.3 853.6 
856.1 yes 861.0 862.2 864.7 865.9 


868.3 us 873.2 874.4 876.8 878.0 
880.5 : z: 885.3 886.5 ; 888.9 890.1 
892.5 3. 897.2 898.4 900.8 902.0 






































TABLE 2A. Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples — Continued 
i i 


{Electromotive Force in Absolute Millivolts. Temperatures in Degrees Cilnt. 1948). Reference Junctions at 0 °C.) 


Millivolts 0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090 





Degrees C 





4.000 904.3 5. 906.7 907.9 909.0 913.7 914.9 





4.100 916.1 » 918.4 919.6 920.7 921.9 923.1 924.2 925.4 926.5 
4.200 927.7 28. 930.0 931.2 932.3 933.5 934.6 935.8 936.9 938.1 
4.300 939.2 se 941.5 942.6 943.8 944.9 946.1 947.2 948.3 949.5 


4.400 950.6 ol. 952.9 954.0 955.1 956.3 957.4 958.5 959.6 960.8 
4.500 961.9 3. 964.1 965.3 966.4 967.5 968.6 969.7 970.9 972.0 
4.600 973.1 y 975.3 976.4 977.5 978.6 979.8 980.9 982.0 983.1 


4.700 984.2 986.4 987.5 988.6 989.7 990.8 991.9 993.0 994.1 
4.800 995.2 997.4 998.5 999.6 1000.6 1001.7 1002.8 1003.9 1005.0 
4.900 1006.1 1007.2 1008.3 1009.3 1010.4 1011.5 1012.6 1013.7 1014.8 1015.8 


5.000 1016.9 1018.0 
5.100 1027.6 1028.7 1029.8 1030.9 1031.9 1033.0 1034.1 1035.1 1036.2 1037.2 
5.200 1038.3 1039.4 1040.4 | 1041.5 1042.5 1043.6 1044.7 1045.7 1046.8 1047.8 
5.300 1048.9 | 1049.9 1051.0 | = 1052.0 1053.1 1054. 1 1055.2 1056.2 1057.3 1058.3 











1019.1 1020.1 1021.2 1022.3 1023.4 1024.4 1025.5 1026.6 








5.400 1059.4 1060.4 1061.5 1062.5 1063.6 1064.6 1065.7 1066.7 1067.7 1068.8 
5.500 1069.8 1070.9 1071.9 1072.9 1074.0 1075.0 1076.0 1077.1 1078.1 1079.1 
5.600 1080.2 1081.2 1082.2 1083.3 1084.3 1085.3 1086.4 1087.4 1088.4 1089.4 


5.700 1090.5 1091.5 1092.5 1093.5 1094.6 1095.6 1096.6 1097.6 1098.7 1099.7 
5.800 1100.7 1101.7 1102.7 1103.8 1104.8 1105.8 1106.8 1107.8 1108.8 1109.9 
5.900 1110.9 1111.9 1112.9 1113.9 1114.9 1115.9 1116.9 1118.0 1119.0 1120.0 





6.000 1121.0 1122.0 1123.0 1124.0 1125.0 1126.0 1127.0 1128.0 1129.0 1130.0 
6.100 1131.0 1132.0 1133.0 1134.0 1135.0 1136.0 1137.0 1138.0 1139.0 1140.0 
6.200 1141.0 1142.0 1143.0 1144.0 1145.0 1146.0 1147.0 1148.0 1149.0 1150.0 
6.300 1151.0 1152.0 1153.0 1154.0 1155.0 1155.9 1156.9 1157.9 1158.9 1159.9 





6.400 1160.9 1161.9 1162.9 1163.8 1164.8 1165.8 1166.8 1167.8 1168.8 1169.8 
6.500 1170.7 be 1172.7 1173.7 1174.7 1175.6 1176.6 1177.6 1178.6 1179.6 
6.600 1180.5 1181.5 1182.5 1183.5 1184.4 1185.4 1186.4 1187.4 1188.3 1189.3 


6.700 1190.3 1191.3 1192.2 1193.2 1194.2 1195.1 1196.1 1197.1 1198.0 1199.0 
6.800 1200.0 1200.9 1201.9 1202.9 1203.8 1204.8 1205.8 1206.7 1207.7 1208.6 
6.900 1209.6 1210.6 1211.5 1212.5 1213.4 1214.4 1215.3 1216.3 1207.2 1218.2 


a = ———— 


7.000 1219.2 1220.1 1221.1 1222.0 1223.0 1223.9 1224.9 1225.8 1226.8 1227.7 





7.100 1228.7 1229.6 1230.6 1231.5 1232.5 | 1233.4 1234.4 1235.3 1236.2 1237.2 
7.200 1238.1 1239.1 1240.0 1241.0 1241.9 1242.8 1243.8 1244.7 1245.7 1246.6 
7.300 1247.5 1248.5 1249.4 1250.4 1251.3 1252.2 1253.2 1254.1 1255.0 1256.0 





7.400 1256.9 1257.8 . 1258.8 1259.7 1260.6 1261.6 1262.5 1263.4 1264.4 1265.3 
7.500 1266.2 1267.2 1268.1 1269.0 1269.9 1270.9 1271.8 1272.7 1273.7 1274.6 
7.600 1275.5 1276.4 1277.4 1278.3 1279.2 1280.1 1281.1 1282.0 1282.9 1283.8 


7.700 1284.7 1285.7 1286.6 1287.5 1288.4 1289.3 1290.3 1291.2 1292.1 1293.0 
7.800 1293.9 1294.9 1295.8 1296.7 1297.6 1298.5 1299.4 1300.4 1301.3 1302.2 
7.900 1303.1 1304.0 1304.9 1305.8 1306.8 1307.7 1308.6 1309.5 1310.4 1311.3 









































TABLE 2A. Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermecouples— Continued 


(Electromotive Force in Absolute Millivolts. Temperatures in Degrees Ci(Int. 1948). Reference Junctions at 0 °C.) 





Millivolts 0.000 0.010 0.020 0.039 0.040 0.050 0.060 0.070 0.080 





Degrees C 





1315.9 1320.4 





1324.9 1329.5 
1334.0 1338.5 
1343.0 1347.5 


1352.0 1356.5 
1360.9 2 1365.4 
1369.9 1374.3 


1378.8 1383.2 
1387.7 1392.1 
1396.5 1400.9 





1405.3 1409.8 





1414.2 1418.6 
1423.0 1427.3 


1431.7 1436.1 


1440.5 1444.9 
1449.2 1453.6 
1458.0 1462.3 


1466.7 1471.0 
1475.4 1479.7 
1484.0 1488.4 





1492.7 1497.0 





1501.4 1505.7 
1510.0 1514.3 


1518.7 1523.0 


1527.3 1531.6 
1535.9 1540.2 
1544.5 1548.8 


1553.1 1557.4 
1561.7 1566.0 
1570.3 1574.6 





1578.9 1583.2 





1587.5 1591.8 


1596.1 1600.3 
1604.6 1608.9 


1613.2 1617.5 
1621.8 1626.1 
1630.3 1634.6 


1638.9 1643.2 
1647.5 1651.8 
1656.0 1660.3 






































TABLE 2A. Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples — Continued 


(Electromotive Force in Absolute Millivolts. Temperatures in Degrees Cilnt. 1948). Reference Junctions at 0 °C.) 








Millivolts 0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 








Degrees C 








12.000 a 2. 7 1664.6 1665.5 | 1666.3 





12.100 : F “ 1673.2 1674.0 1674.9 
12.200 < ig H 1681.7 1682.6 1683.5 
12.300 ! ; é 1690.3 1691.2 1692.0 


12.400 9.5 ee od 1698.9 1699.7 1700.6 
12.500 4. : D. 1707.5 1708.3 1709.2 
12.600 2. 3. Fe 1716.0 1716.9 1717.8 


12.700 21.2 22! 22: 1724.6 1725.5 1726.3 
12.800 29: Y 31. 1733.2 1734.1 1734.9 
12.900 38. 39.2 i 1741.8 1742.7 1743.5 





13.000 : d - 1750.4 1751.3 1752.1 





13.100 59. 56. ots 7 1759.0 1759.9 1760.7 
13.200 wd D. 3. 1767.6 1768.5 1769.3 
13.300 23 3. Bs 1776.2 1777.1 1778.0 


13.400 . 2. 3. 1784.8 1785.7 1786.6 
13.500 t E : 1793.5 1794.3 1795.2 
13.600 , ss R 1802.1 1803.0 1803.8 


13.700 = od : 1810.8 1811.6 1812.5 
13.800 p : A 1819.4 






































Electromotive Force in Absolute Millivolts. 


Reference Junctions at 32 °F.) 








Millivolts 





— 0.001 
— 0.002 
— 0.002 


— 0.002 
— 0.002 
— 0.002 


0.000 


— 0.001 
— 0.002 
— 0.002 


— 0.002 
— 0.002 
— 0.002 


— 0.001 
— 0.002 
— 0.002 


— 0.002 
— 0.002 
— 0.002 


— 0.000 


— 0.001 
— 0.002 
— 0.002 


— 0.002 
— 0.002 
— 0.001 


— 0.000 


— 0.001 
— 0.002 | 
— 0.002 


— 0.002 
— 0.002 
— 0.001 


| 





— 0.001 


— 0.001 


— 0.001 


— 0.000 


— 0.000 


—— os 


— 0.000 


— 0.001 
— 0.002 


| — 0.002 


— 0.002 
— 0.002 
— 0.001 


es : 
— 0.000 | — 0.001 


— 0.001 
— 0.002 
— 0.002 


— 0.002 
— 0.002 
— 0.001 





— 0.000 


— 0.000 





0.001 
0.002 
0.004 


0.006 
0.009 
0.012 


0.015 
0.019 
0.023 


0.001 
0.002 
0.004 


0.007 
0.009 
0.012 


0.016 
0.020 
0.024 


0.001 
0.002 
0.005 


0.007 
0.010 
0.013 


0.016 
0.020 
0.024 


0.001 
0.003 
0.005 


0.007 
0.010 
0.013 


0.017 
0.020 
0.024 


0.001 
0.003 
0.005 


0.007 
0.010 
0.013 


0.017 
0.021 
0.025 





0.028 


0.028 


0.029 


0.029 


0.029 


———— es 


0.001 
0.003 
0.005 


0.008 
0.011 
0.014 


0.017 
0.021 
0.025 


0.001 
0.003 
0.005 


0.008 
0.011 
0.014 


0.018 
0.022 
0.026 


— 0.002 
— 0.002 
— 0.002 


— 0.002 
— 0.002 
— 0.001 


+ 





0.030 


0.030 


0.002 
0.003 
0.006 


0.008 
0.011 


0.000 i 





TABLE 3A Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples 


(Temperatures in Degrees F. 


— 0.001 
— 0.002 
— 0.002 
— 0.002 


— 0.002 


| — 0.002 


| — 0.001 





0.014 


0.018 
0.022 
0.026 





0.032 
0.037 
0.043 


0.049 
0.055 
0.061 


0.068 
0.075 
0.083 


0.033 
0.038 
0.043 


0.049 
0.055 
0.062 


0.069 
0.076 
0.083 


0.033 
0.038 
0.044 


0.050 
0.056 
0.063 


0.069 
0.077 
0.084 


0.034 
0.039 
0.045 


0.050 
0.057 
0.063 


0.070 
0.077 
0.085 


0.034 
0.040 
0.045 


0.051 
0.057 
0.064 


0.071 
0.078 
0.086 


0.035 
0.040 
0.046 


0.052 
0.058 
0.065 


0.072 
0.079 
0.087 


0.035 
0.041 
0.046 


0.052 
0.059 
0.065 


0.072 
0.080 
0.087 





0.036 
0.041 
0.047 


0.053 
0.059 
0.066 


0.073 
0.080 
0.088 


———+ 
0.031 


0.000 


0.002 
0.004 
0.006 


0.009 
0.011 
0.015 


0.018 
0.022 
0.027 


0.031 
0.036 
0.042 
0.047 


0.054 
0.060 
0.067 


0.074 
0.081 
0.089 


— 0.001 


— 0.002 
— 0.002 
— 0.002 


— 0.002 
— 0.002 
— 0.001 


0.000 


0.004 
0.006 


0.009 
0.012 
0.015 


0.019 
0.023 
0.027 


0.032 


0.037 
0.042 
0.048 


0.054 
0.061 
0.067 


0.074 
0.082 
0.090 





0.090 


0.091 


0.092 


0.093 


0.094 


0.094. 


0.095 


| 
| 
| 


0.096 


0.097 


0.098 





0.099 


0.107 
0.116 


0.125 
0.135 
0.144 


0.155 
0.165 
0.176 


0.099 
0.108 
0.117 


0.126 
0.136 
0.145 


0.156 
0.166 
0.177 


0.100 
0.109 
0.118 


0.127 
0.137 
0.146 


0.157 
0.167 
0.178 


0.101 
0.110 
0.119 


0.128 
0.138 
0.147 


0.158 
0.168 
0.179 


0.102 
0.111 
0.120 


0.129 
0.139 
0.148 


0.159 
0.169 
0.180 


0.103 
0.111 
0.120 


0.130 
0.139 
0.149 


0.160 
0.170 
0.182 


0.104 
0.112 
0.121 


0.131 
0.140 
0.151 


0.161 
0.172 
0.183 


-—+—— 





0.187 


“0.188 


0.189 


0.191 





0.192 


0.193 


0.194 


| 
| 
| 





0.105 
0.113 
0.122 


0.132 
0.141 
0.152 


0.162 
0.173 
0.184 


0.105 
0.114 
0.123 


0.133 
0.142 
0.153 


0.163 
0.174 
0.185 


0.106 
0.115 
0.124 


0.134 
0.143 
0.154 


0.164 
0.175 
0.186 





0.195 


0.196 








0.199 
0.210 
0.223 


0.235 
0.248 
0.261 


0.275 
0.288 
0.302 


0.200 
9.212 
0.224 


0.236 
0.249 
0.262 


0.276 
0.290 
0.304 











0.201 
0.213 
0.225 


0.238 
0.251 
0.264 


0.277 
0.291 
0.305 





0.202 
0.214 
0.226 


0.239 
0.252 
0.265 


0.279 
0.293 
0.307 





0.203 
0.215 
0.228 


0.240 
0.253 
0.266 
0.280 


0.294 
0.308 





0.205 
0.217 
0.229 


0.241 
0.254 
0.268 
0.281 


0.295 
0.310 





0.206 
0.218 
0.230 


0.243 
0.256 
0.269 
0.283 


0.297 
0.311 





0.207 
0.219 
0.231 


0.244 
0.257 
0.270 
0.284 


0.298 
0.313 





0.208 
0.220 
0.233 
0.245 
0.258 
0.272 


0.286 
0.300 


0.197 
0.209 
0.221 
0.234 
0.247 


0.260 
0.273 


0.287 
0.301 





0.314 


0.315 
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TABLE 3A Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples —Continued 


(Temperatures in Degrees F. Electromotive Force in Absolute Millivolts. Reference Junctions at 32 °F.) 





0 





Millivolts 








0.317 0.318 0.320 0.323 By 0.326 0.327 0.329 





0.332 0.333 0.335 0.336 0.338 0.341 0.342 0.344 
0.347 0.348 0.350 0.351 0.353 0.356 0.358 0.359 
0.362 0.364 0.365 0.367 0.368 0.370 0.372 0.373 0.375 


0.378 0.380 0.381 0.383 0.384 0.386 0.388 0.389 0.391 
0.394 0.396 0.397 0.399 0.401 0.402 0.404 0.405 0.407 
0.410 0.412 0.414 0.415 0.417 0.419 0.420 0.422 0.424 


0.427 0.429 0.431 0.432 0.434 0.436 0.437 0.439 0.441 
0.444. 0.446 0.448 0.449 0.451 0.453 0.455 0.456 0.458 
0.462 0.463 0.465 0.467 0.469 0.470 0.472 0.474 0.476 





0.479 0.481 0.483 0.485 0.486 0.488 0.490 0.492 0.494. 





0.497 
Old 


o 


0.499 0.501 _ 0.503 0.504 0.506 0.508 0.510 0.512 
0.517 0.519 0.521 0.523 0.525 0.527 0.528 0.530 
0.534 0.536 0.538 0.540 0.542 0.543 0.545 0.547 0.549 


0.553 0.555 0.557 0.559 0.561 0.563 0.564 0.566 0.568 
0.572 0.574 0.576 0.578 0.580 0.582 0.584. 0.586 0.588 
0.592 0.594 0.596 0.598 0.600 0.602 0.604. 0.606 0.608 


0.612 0.614 0.616 0.618 0.620 0.622 0.624 0.626 0.628 
0.632 0.634 0.636 0.638 0.640 0.642 0.644. 0.646 0.648 
0.652 0.654 0.656 0.659 0.661 0.663 0.665 0.667 0.669 








0.673 0.675 0.677 0.679 0.682 0.684 0.686 0.688 0.690 


aS — a 5 





0.694 0.696 0.698 0.701 0.703 0.705 0.707 0.709 0.711 
0.716 | 0.718 0.720 0.722 0.724 0.726 0.729 0.731 0.733 
0.737 0.740 0.742 0.744. 0.746 0.748 0.751 0.753 0.755 


0.759 0.762 0.764 0.766 0.768 0.771 0.773 0.755 0.777 
0.782 0.784 0.786 0.789 0.791 0.793 0.795 0.798 0.800 
0.804 0.807 0.809 0.811 0.814 0.816 0.818 0.820 0.823 


0.827 0.830 0.832 0.834 0.837 0.839 0.841 0.844. 0.846 
0.851 0.853 0.855 0.858 0.860 0.862 0.865 0.867 0.869 
0.874 0.877 0.879 0.881 0.884 0.886 0.888 0.891 0.893 


———— 





0.898 0.900 0.903 0.905 0.908 0.910 0.913 0.915 0.917 





0.922 0.925 0.927 0.930 0.932 0.934 0.937 0.939 0.942 
0.947 0.949 0.952 0.954 0.957 0.959 0.962 0.964 0.967 
0.972 0.974 0.976 0.979 0.982 0.984 0.987 0.989 0.992 


0.997 0.999 1.002 1.004 1.007 1.009 1.012 1.014 1.017 
1.022 1.025 1.027 1.030 1.032 1.035 1.037 1.040 1.042 
1.048 1.050 1.053 1.055 1.058 1.061 1.063 1.066 1.068 


1.074 1.076 1.079 1.081 1.084 1.087 1.089 1.092 1.095 
1.100 1.103 1.105 1.108 1.110 1.113 1.116 1.118 112) 
1.126 1.129 1.132 1.134 1.137 1.140 1.143 1.145 1.148 









































TABLE 3A _ Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples — Continued 


(Temperatures in Degrees F. Electromotive Force in Absolute Millivolts. Reference Junctions at 32 °F.) 








Millivolts 








1.164 1.167 





1.191 1.194 
1.219 1.222 
1.247 1.250 


1.275 1.278 
1.303 1.306 
1.332 1.335 


1.361 1.364 
1.391 1.394 
1.420 1.423 





1.450 1.453 





1.480 1.483 
1.511 1.514 
1.541 1.545 


1.573 1.576 
1.604 1.607 
1.635 1.639 





1.667 1.671 
1.700 1.703 
1.732 1.735 


1.765 1.768 
1.798 1.801 


1.831 1.834 
1.865 1.868 











1.898 1.902 
1.933 1.936 
1.967 1.970 


2.002 2.005 
2.037 2.040 
2.072 2.075 





2.107 2.111 





2.143 2.147 
2.179 2.183 
2.216 2.219 


2.252 2.256 
2.289 2.293 
2.326 2.330 
2.363 2.367 
2. 2.405 
2.439 2.443 






































TABLE 3A_ Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples — Continued 


(Temperatures in Degrees F. Electromotive Force in Absolute Millivolts. Reference Junctions at 32 °F.) 








Millivolts 





2.477 2.481 





2.516 2.520 
2.554 2.558 
2.593 2.597 


2.633 2.637 
2.672 2.676 
yf 2.716 


2.752 2.756 
2.792 2.796 
2.833 2.837 





2.874 2.878 





2.915 2919 
2.956 2.960 
2.997 3.002 


3.039 3.043 
3.081 3.086 
3.124 3.128 


3.166 3.170 
3.209 3.213 
3.252 3.256 





3.295 3.300 





3.339 3.343 
3.383 3.387 
3.427 3.431 


3.471 3.475 
3.515 3.520 
3.560 3.564 


3.605 3.609 
3.650 3.655 
3.696 3.700 





3.741 3.746 





3.787 3.792 
3.833 3.838 
3.879 3.884 


3.926 3.931 
3.973 3.978 
4.020 4.025 


4.067 4.072 
4.115 4.119 
4.162 4.167 
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TABLE 3A_ Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples — Continued 


(Temperatures in Degrees F. Electromotive Force in Absolute Millivolts. Reference Junctions at 32 °F.) 











Millivolts 





+~—— 


4.210 4.220 





4.259 4.268 4.278 
4.307 4.317 4.326 
4.356 4.365 4.375 


4.404. 4.414 4.424 
4.454 4.463 4.473 
4.503 4.513 4.523 


4.552 4.562 4.572 
4.602 4.612 4.622 
4.652 4.662 4.672 





4.702 4.712 4.722 





4.753 4.763 4.773 
4.803 4.814 4.824 
4.854 4.864. 4.875 


4.905 4.916 4.926 
4.957 4.967 4.977 
5.008 5.018 5.029 


5.060 5.070 5.080 
5.112 5.122 5.132 
5.164 5.174 5.185 





5.216 5.226 5.237 





5.268 5.279 5.290 
5.321 5.332 5.342 
5.374 5.385 5.395 


> 


5.427 5.438 5.442 5.448 
5.480 5.491 5.502 
5.534 5.545 5.595 


www 
wn 
ee) 


5.588 5.598 5.609 
5.641 5. 5.652 5.663 
5.695 5.706 5.717 





5.750 5.758 5.761 5.766 5.771 





5.804 5.815 5.820 5.826 
5.859 5.870 5.875 5.880 
5.913 5.924 5.930 5.935 


5.968 5.979 5.985 5.990 
6.023 6.034 6.040 6.045 
6.079 6.090 6.095 6.101 


6.134 6.145 6.151 6.156 
6.190 6.201 6.206 6.212 
6.245 6.257 6.262 6.268 






































TABLE 


6.279 


3A Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples — Continued 


(Temperatures in Degrees F. Electromotive Force in Absolute Millivolts. Reference Junctions at 32 °F.) 





3 4 





Millivolts 





6.284 6.290 6.301 | 6.307 | 6.318 





6.335 
6.391 
6.447 


6.504 
6.560 
6.617 


6.674 
6.731 
6.789 


6.340 6.346 6.357 6.363 6.369 6.374 
6.397 6.402 6.414 6.419 6.425 6.430 
6.453 6.459 6.470 6.476 6.48] 6.487 


6.509 6.515 6.526 6.532 6.538 6.543 
6.566 6.572 6.583 6.589 6.594. 6.600 
6.623 6.629 6.640 6.646 6.651 6.657 


6.680 6.686 6.697 6.703 6.708 6.714 
6.737 6.743 6.754 6.760 6.766 6.772 
6.795 6.800 6.812 6.818 6.823 6.829 





6.846 





6.852 6.858 6.870 6.875 6.881 6.887 





6.904. 
6.962 
7.020 


7.079 
t437 
7.196 


6.910 6.916 6.927 6.933 6.939 6.945 
6.968 6.974 6.986 6.99] 6.997 7.003 
7.026 7.032 7.044 7.050 7.055 7.061 


7.085 7.091 7.102 7.108 7.114 7.120 
7.143 7.149 7.161 7.167 7.173 7.179 
7.202 7.208 7.220 7.226 1.232 1.237 


7.261 7.267 1.209 7.285 7.291 1.297 
7.320 7.326 7.338 7.344 7.350 7.356 
7.380 7.386 7.397 7.403 7.409 7.415 





7.439 7.445 7.457 7.463 7.469 7.475 





7.976 


7.499 7.505 7.517 7.523 7.529 7.535 
7.559 7.565 7.577 7.583 7.589 7.595 
7.619 7.625 7.637 7.643 7.649 7.655 


7.679 7.685 7.697 7.703 7.709 7.715 
7.739 7.745 7.757 7.763 7.769 tS 
7.799 7.806 7.818 7.824 7.830 7.836 


7.860 7.866 7.878 7.884 7.890 7.896 
7.921 1.927 7.939 7.945 7.95] 7.957 
7.982 7.988 8.000 8.006 8.012 8.018 





8.037 


8.043 8.049 8.061 8.067 8.073 8.079 








8.098 
8.159 
8.221 


8.282 
8.344 
8.406 


8.467 
8.530 
8.592 


8.104 8.110 8.122 8.128 8.135 8.141 
8.165 8.171 8.184 8.190 8.196 8.202 
8.227 8.233 8.245 8.251 8.257 8.264 


8.288 8.294 8.307 8.313 8.319 8.325 
8.350 8.356 8.368 8.375 8.381 8.387 
8.412 8.418 8.430 8.436 8.443 8.449 


8.474 8.480 8.492 8.498 8.505 8.511 
8.536 8.542 8.554 8.561 8.567 8.573 
8.598 8.604 8.617 8.623 8.629 8.635 



































TABLE 3A Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples — Continued 


(Temperatures in Degrees F. Electromotive Force in Absolute Millivolts. Reference Junctions at 32 °F.) 











Millivolts 





8.654 8.660 8.666 8.673 8.679 8.685 8.691 8.698 8.704 8.710 





8.716 8.723 8.729 8.735 8.741 8.748 8.754 8.760 8.766 8.773 
8.779 8.785 8.79] 8.798 8.804 8.810 8.816 8.823 8.829 8.835 
8.841 8.848 8.854 8.860 8.866 8.873 8.879 8.885 8.892 8.898 


8.904 8.910 8.917 8.923 8.929 8.935 8.942 8.948 8.954 8.961 
8.967 8.973 8.979 8.986 8.992 8.998 9.005 9.011 9.017 9.023 
9.030 9.036 9.042 9.049 9.055 9.061 9.068 9.074 9.080 9.086 


9.093 9.099 9.105 9.112 9.118 9.124 9.131 9.137 9.143 9.150 
9.156 9.162 9.168 9.175 9.181 9.187 9.194 9.200 9.206 9.213 
9.219 9.225 9.232 9.238 9.244 9.251 9.257 9.263 9.270 9.276 





9.282 9.289 9.295 9.301 9.308 9.314 9.320 9.327 9.333 9.339 





9.346 9.352 9.358 9.365 9.371 9.377 9.384 9.390 9.396 9.403 
9.409 9.415 9.422 9.428 9.434 9.441 9.447 9.453 9.460 9.466 
9.473 9.479 9.485 9.492 9.498 9.504 9.511 9.517 9.523 9.530 


9.536 9.542 9.549 9.555 9.562 9.568 9.574 9.581 9.587 9.593 
9.600 9.606 9.612 9.619 9.625 9.632 9.638 9.644 9.651 9.657 
9.663 9.670 9.676 9.683 9.689 9.695 9.702 9.708 9.714 9.72] 


9.727 9.734 9.740 9.746 9.753 9.759 9.766 9.772 9.778 9.785 
9.791 9.797 9.804 9.810 9.817 9.823 9.829 9.836 9.842 9.849 
9.855 9.861 9.868 9.874 9.881 9.887 9.893 9.900 9.906 9.913 





9.919 9.925 9.932 9.938 9.945 9.951 9.957 9.964. 9.970 9.977 





9.983 9.989 9.996 10.002 10.009 10.015 10.021 10.028 10.034 10.041 
10.047 10.054 10.060 10.066 10.073 10.079 10.086 10.092 10.098 10.105 
10.111 10.118 10.124 10.131 10.137 10.143 10.150 10.156 10.163 10.169 


10.175 10.182 10.188 10.195 10.201 10.208 10.214 10.220 10.227 10.233 
10.240 10.246 10.253 10.259 10.265 10.272 10.278 10.285 10.291 10.298 
10.304 10.310 10.317 10.323 10.330 10.336 10.343 10.349 10.355 10.362 


10.368 10.375 10.381 10.388 10.394. 10.401 10.407 10.413 10.420 10.426 
10.433 10.439 10.446 10.452 10.459 10.465 10.471 10.478 10.484 10.491 
10.497 10.504 10.510 10.517 10.523 10.529 10.536 10.542 10.549 10.555 





10.562 10.568 10.575 10.581 10.587 10.594 10.600 10.607 10.613 10.620 





10.626 10.633 10.639 10.646 10.652 10.658 10.665 10.671 10.678 10.684 
10.691 10.697 10.704 10.719 10.717 10.723 10.729 10.736 10.742 10.749 
10.755 10.762 10.768 10.775 10.781 10.788 10.794 10.801 10.807 10.813 


10.820 10.826 10.833 10.839 10.846 10.852 10.859 10.865 10.872 10.878 
10.885 10.89] 10.898 10.904. 10.910 10.917 10.923 10.930 10.936 10.943 
10.949 10.956 10.962 10.969 10.975 10.982 10.988 10.995 11.001 11.007 


11.014 11.020 11.027 11.033 11.040 11.046 11.053 11.059 11.066 11.072 
11.079 11.085 11.092 11.098 11.105 11.111 11.118 11.124 11.130 11.137 
11.143 11.150 11.156 11.163 11.169 11.176 11.182 11.189 11.195 11.202 






































TABLE 3A Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples— Continued 


(Temperatures in Degrees F. Electromotive Force in Absolute Millivolts. Reference Junctions at 32 ¥F.) 








Millivolts 





11.208 11.215 11.221 11.228 11.234 11.241 11.254 11.260 11.266 





11.273 11.279 11.286 11.292 11.299 11.305 11.318 11.325 11.331 
11.338 11.344 11.351 11.357 11.364 11.370 11.383 11.390 11.396 
11.403 11.409 11.416 11.422 11.429 11.435 11.448 11.454 11.461 


11.467 11.474 11.480 11.487 11.493 11.500 11.513 11.519 11.526 
11.532 11.539 11.545 11.552 11.558 11.565 11.578 11.584 11.591 
11.597 11.604 11.610 11.617 11.623 11.530 11.642 11.649 11.655 


11.662 11.668 11.675 11.681 11.688 11.694 11.707 11.714 11.720 
11.727 11.733 11.740 11.746 11.753 11.759 11.772 11.779 11.785 
11.792 11.798 11.805 11.811 11.818 11.824 11.837 11.844 11.850 





11.857 11.863 11.869 11.876 11.882 11.889 11.902 11.908 11.915 





11.92] 11.928 11.934 11.941 11.947 11.954 11.967 11.973 11.980 
11.986 11.993 11.999 12.006 12.012 12.019 12.032 12.038 12.045 
12.051 12.058 12.064 12.071 12.077 12.084 12.096 12.103 12.109 


12.116 12.122 12.129 12.135 12.142 12.148 12.161 12.168 12.174 
12.181 12.187 12.194 12.200 12.207 12.213 12.226 12.233 12.239 
12.246 12.252 12.259 12.265 12.272 12.278 12.291 12.297 12.304 


12.310 12.317 12.323 12.330 12.336 12.343 12.356 12.362 12.369 
12.375 12.382 12.388 12.395 12.401 12.408 12.421 12.427 12.434 
12.440 12.447 12.453 12.459 12.466 12.472 12.485 12.492 12.498 





12.505 12.511 12.518 12.524 12.531 12.537 12.550 12.557 12.563 





12.570 12.576 12.583 12.589 12.596 12.602 12.615 12.621 12.628 
12.634 12.641 12.647 12.654 12.660 12.667 12.680 12.686 12.693 
12.699 12.706 12.712 12.719 12.725 12.731 12.744 12.751 12.757 


12.764 12.770 12.777 12.783 12.790 12.796 12.809 12.816 12.822 
12.829 12.835 12.841 12.848 12.854 12.861 12.874 12.880 12.887 
12.893 12.900 12.906 12.913 12.919 12.926 12.938 12.945 12.951 


12.958 12.964 12.971 12.977 12.984 12.990 13.003 13.010 13.016 
13.022 13.029 13.035 13.042 13.048 13.055 13.068 13.074 13.081 
13.087 13.093 13.100 13.106 13.113 13.119 13.132 13.139 13.145 





13.152 13.158 13.165 13.171 13.177 13.184 13.197 13.203 13.210 





13.216 13.223 13.229 13.235 13.242 13.248 13.261 13.268 13.274 
13.281 13.287 13.294 13.300 13.306 13.313 13.326 13.332 13.339 
13.345 13.352 13.358 13.364 13.371 13.377 13.390 13.397 13.403 


13.410 13.416 13.422 13.429 13.435 13.442 13.455 13.461 13.468 
13.474 13.480 13.487 13.493 13.500 13.506 13.519 13.525 13.532 
13.538 13.545 13.551 13.558 13.564 13.570 13.583 13.590 13.596 


13.603 13.609 13.615 13.622 13.628 13.635 13.648 13.654 13.660 
13.667 13.673 13.680 13.686 13.693 13.699 13.712 13.718 13.725 
13.731 13.738 13.744. 13.750 13.757 13.763 13.776 13.783 13.789 














13.795 13.802 13.808 13.815 13.821 13.827 13.840 13.847 





























TABLE 4A. Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples 


(Electromotive Force in Absolute Millivolts. Temperatures in Degrees F. Reference Junctions at 32 °F.) 








Millivolts 0.000 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090 





Degrees F 








32.0 153.2 182.2 205. 224.8 242.3 258.2 272.8 299.4 





311.7 323.3 334.5 Y 355.5 365.5 375.2 384.5 402.5 





411.2 419.6 427.9 35. 443.8 451.6 459.2 466.6 481.2 
488.3 495.2 502.1 2 515.5 522.1 528.6 535.0 547.5 
553.7 559.7 565.8 571. 577.6 583.4 589.1 594.8 606.0 


611.6 617.0 622.5 27. 633.2 38. 643.7 648.9 659.1 
664.2 669.2 674.2 k 684.0 7 693.7 698.5 708.0 
712.7 717.4 722.0 26. 731.2 735. 740.3 744.7 753.6 


758.1 762.4 766.8 gk 775.4 : 784.0 788.2 796.6 
800.8 804.9 809.1 3.2 817.3 21. 825.4 837.4 








841.4 845.3 849.2 853.1 857.0 h 864.8 868.6 rye 876.3 





880.0 883.8 887.6 891.3 895.1 e 902.5 906.2 909.8 913.5 
917.1 920.7 924.4 928.0 931.5 35. 938.7 942.2 945.8 949.3 
952.8 956.3 959.8 963.2 966.7 70. 973.6 977.0 980.4 983.8 


987.2 990.6 993.9 997.3 1000.6 1004.0 1007.3 1010.6 1013.9 1017.2 
1020.5 1023.8 | 1027.0 1030.3 1033.5 1036.7 1040.0 1043.2 1046.4 1049.6 
1052.8 1055.9 1059.1 1062.3 1065.4 1068.6 1071.7 1074.8 1077.9 1081.0 


1084.1 1087.2 1090.3 1093.4 1096.4 1099.5 1102.6 1105.6 1108.6 ph ky 
1114.7 1117.7 1120.7 1123.7 1126.7 1129.6 1132.6 1135.6 1138.5 1141.5 
1144.4 1147.4 1150.3 1153.2 1156.2 1159.1 1162.0 1164.9 1167.7 1170.6 





1173.5 1176.4 1179.2 1182.1 1184.9 1187.8 1190.6 1193.5 1196.3 1199.1 





1201.9 1204.7 1207.5 1210.3 1213.1 1215.9 1218.7 221. 1224.2 1227.0 
1229.7 1232.5 1235.2 1238.0 1240.7 1243.4 1246.1 248. 1251.6 1254.3 
1257.0 1259.7 1262.4 1265.0 1267.7 1270.4 1273.1 275. 1278.4 1281.0 


1283.7 1286.3 1289.0 1291.6 1294.2 1296.9 1299.5 302. 1304.7 1307.3 
1309.9 1312.5 1315.1 1317.7 1320.3 1322.9 1325.4 328. 1330.6 1333.1 
1335.7 1338.2 1340.8 1343.3 1345.9 1348.4 1350.9 353.£ 1356.0 1358.5 


1361.0 1363.5 1366.0 1368.5 1371.0 1373.5 1376.0 1381.0 1383.5 
1385.9 1388.4 1390.9 1393.3 1395.8 1398.2 1400.7 1403.1 1405.6 1408.0 
1410.5 1412.9 1415.3 1417.7 1420.2 1422.6 1425.0 1427.4 1429.8 1432.2 





1434.6 1437.0 1439.4 1441.8 1444.2 1446.6 1448.9 1451.3 1453.7 1456.1 





1458.4 1460.8 1463.1 1465.5 1467.8 1470.2 1472.5 1474.9 1477.2 1479.6 
1481.9 od 1486.6 1488.9 1491.2 1493.5 1495.8 1498.1 1500.5+ 1502.8 
1505.1 907. 1509.7 1512.0 1514.3 1516.5 1518.8 1521.1 1523.4: 1525.7 
1528.0 32.5 1534.8 1537.0 1539.3 1541.6 1543.8 1546.1 1548.3 
D9. 1557.3 1559.5 1561.8 1564.0 1566.2 1568.5 1570.7 
77. 1579.6 1581.8 1584.0 1586.2 1588.4 1590.6 1592.8 


530.: I 
1550.6 552. I 
1572.9 575 ik 


1595.0 597.2 1599.4 1601.6 1603.7 1605.9 1608.1 1610.3 1612.5 1614.6 
1616.8 / 1621.2 1623.3 1625.5 1627.6 1629.8 1632.0 1634.1 1636.3 
1638.4 40. 1642.7 1644.8 1647.0 1649.1 1651.3 1653.4 1655.5 - 1657.6 






































Millivolts 


TABLE 4A. Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples— Continued 


0.000 


1659.8 


(Electromotive Force in Absolute Millivolts. 


0.010 





Temperatures in Degrees F. 


Reference Junctions at 32 °F.) 





0.020 


0.030 


0.040 


0.050 


0.060 


0.070 


0.080 





1664.0 


Degrees F 





1666.1 


1668.3 


1670.4 


1672.5 


1674.6 





1680.9 
1701.8 
1722.6 


1743.1 
1763.4 
1783.6 


1803.5 
1823.3 
1843.0 


1683.0 
1703.9 
1724.6 


1745.1 
1765.4 
1785.6 


1805.5 
1825.3 
1844.9 


1685. 1 
1706.0 
1726.7 


1747.2 
1767.5 
1787.6 


1807.5 
1827.3 
1846.9 


1687.2 
1708.1 
1728.7 


1749.2 
1769.5 
1789.6 


1809.5 
1829.2 
1848.8 


1689.3 
1710.2 
1730.8 


1751.2 
1771.5 
1791.6 


1811.5 
1831.2 
1850.8 


1691.4 
1712.2 
1732.8 


1753.3 
1773.5 
1793.6 
1813.5 
1833.2 
1852.7 


1693.5 
1714.3 
1734.9 


1755.3 
1775.5 
1795.6 


1815.4 
1835.1 
1854.7 


1695.6 
1716.4 
1736.9 


1757.3 
1777.5 
1797.6 


1817.4 
1837.1 
1856.6 





1862.4 


1864.4 


1866.3 


(1868.3 


1870.2 


1872.1 


1874.1 


1876.0 





1881.8 
1900.9 
1920.0 


1938.9 
1957.7 
1976.3 


1994.8 
2013.3 
2031.6 


1883.7 
1902.9 
1921.9 


1940.8 
1959.5 
1978.2 


1996.7 
2015.1 
2033.4 


1885.6 
1904.8 
1923.8 


1942.7 
1961.4 
1980.0 


1998.5 
2016.9 
2035.2 


1887.5 
1906.7 
1925.7 


1944.5 
1963.3 
1981.9 


2000.4 
2018.8 
2037.0 


1889.5 
1908.6 
1927.6 


1946.4 
1965.1 
1983.7 


2002.2 
2020.6 
2038.9 


1891.4 
1910.5 
1929.5 


1948.3 
1967.0 
1985.6 


2004.1 
2022.4 
2040.7 


1893.3 
1912.4 
1931.3 


1950.2 
1968.9 
1987.4 


2005.9 
2024.3 
2042.5 


1895.2 
1914.3 
1933.2 


1952.0 
1970.7 
1989.3 


2007.7 
2026.1 
2044.3 





2049.8 


2051.6 


2053.4 


2055.2 


2057.0 


2058.8 


2060.6 


2062.4 





2067.9 
2085.9 
2103.8 


2121.6 
2139.3 
2157.0 


2174.5 
2191.9 
2209.3 


2069.7 
2087.7 
2105.6 


2123.4 
2141.1 
2158.7 


2176.3 
2193.7 
2211.0 


2071.5 
2089.5 
2107.3 


2125.1 
2142.9 
2160.5 
2178.0 


2195.4 
2212.7 


2073.3 
2091.2 
2109.1 


2126.9 
2144.6 
2162.3 


2179.8 
2197.2 
2214.4 


2075.1 
2093.0 
2110.9 


2128.7 
2146.4 
2164.0 


2181.5 
2198.9 
2216.2 


2076.9 
2094.8 
2112.7 


2130.5 
2148.2 
2165.8 


2183.2 
2200.6 
2217.9 


2078.7 
2096.6 
2114.5 


2132.2 
2149.9 
2167.5 


2185.0 
2202.4 
2219.6 


2080.5 


‘2098.4 


2116.3 


2134.0 
2151.7 
2169.3 


2186.7 
2204.1 
2221.3 





2226.5 


2228.2 


2229.9 


2231.6 


2233.3 


2235.1 


2236.8 


2238.5 








2243.6 
2260.6 
2277.6 


2294.4 
2311.2 
2327.9 


2344.5 
2361.1 
2377.6 


2245.3 
2262.3 
2279.3 


2296.1 
2312.9 
2329.6 
2346.2 
2362.7 
2379.2 








2247.0 
2264.0 
2281.0 


2297.8 
2314.6 
2331.2 


2347.9 
2364.4 
2380.9 





2248.7 
2265.7 
2282.6 


2299.5 
2316.2 
2332.9 
2349.5 


2366.0 
2382.5 


2250.4 
2267.4 
2284.3 


2301.2 
2317.9 
2334.6 


2351.2 


2367.7 
2384.2 








2252.1 
2269.1 
2286.0 


2302.8 
2319.6 
2336.2 


2352.8 
2369.3 
2385.8 


2253.8 
2270.8 
2287.7 


2304.5 
2321.2 
2337.9 
2354.5 


2371.0 
2387.4 








2255.5 
2272.5 
2289.4 


2306.2 
2322.9 
2339.6 
2356.1 


2372.6 
2389.1 














TABLE 4A. Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples — Continued 


(Electromotive Force in Absolute Millivolts. 


Temperatures in Degrees F. Reference Junctions at 32 °F.) 





Millivolts 


0.010 


0.020 0.030 0.040 


0.050 0.060 0.070 





8.000 


Degrees F 


0.080 0.090 





2395.6 


2400.6 


2402.2 





8.100 
8.200 
8.300 


8.400 
8.500 
8.600 


8.700 
8.800 
8.900 


2412.0 
2428.3 
2444.5 


2460.7 
2476.9 
2492.9 
2509.0 
2525.0 
2540.9 


2416.9 
2433.2 
2449.4 


2465.6 
2481.7 
2497.8 


2513.8 
2529.8 
2545.7 


2418.5 
2434.8 
2451.0 


2467.2 
2483.3 
2499.4 


2515.4 
2531.4 
2547.3 





9.000 


2556.9 


2561.6 


2563.2 





9.100 
9.200 
9.300 


9.400 
9.500 
9.600 


9.700 
9.800 
9.900 


2572.7 
2588.6 
2604.4 


2620.2 
2635.9 
2651.6 





2667.3 
2683.0 
2698.6 


2577.5 
2593.3 
2609.1 


2624.9 
2640.6 
2656.3 


2672.0 
2687.7 
2703.3 


2579.1 
2594.9 
2610.7 


2626.5 
2642.2 
2657.9 
2673.6 


2689.2 
2704.8 





10.000 


2714.2 


2718.9 


2720.5 





10.100 
10.200 
10.300 


10.400 
10.500 
10.600 


10.700 
10.800 
10.900 


2729.8 
2745.4 
2760.9 


2776.5 
2792.0 
2807.5 


2823.0 
2838.5 
2853.9 


2734.5 
2750.0 
2765.6 


2781.1 
2796.6 
2812.1 


2827.6 
2843.1 
2858.6 


2736.0 
2751.6 
2767.1 


2782.7 
2798.2 
2813.7 


2829.2 
2844.6 
2860. 1 





11.000 


2869.4 


2874.0 


2875.6 





2884.8 
2900.3 
2915.7 


2931.1 
2946.6 
2962.0 


2977.4 
2992.8 
3008.2 











2889.5 
2904.9 
2920.3 


2935.8 
2951.2 
2966.6 


2982.0 
2997.5 
3012.9 











2891.0 
2906.5 
2921.9 


2937.3 
2952.7 
2968.2 
2983.6 


2999.0 
3014.4 




















TABLE 4A. 


(Electromotive Force in Absolute Millivolts. 


Millivolts 0.000 0.010 0.020 0.030 


3022.1 3023.7 3025.2 3026.7 


Temperatures in Degrees F. 
g 


Platinum-30 percent Rhodium versus Platinum-6 Percent Rhodium Thermocouples — Continued 


Reference Junctions at 32 °F 


0.040 0.050 0.060 0.070 0.080 


Degrees F 


3028.3 3029.8 3031.4 3032.9 3034.5 3036.0 





3037.5 
3053.0 
3068.4 


3039.1 
3054.5 
3069.9 


3040.6 
3056.0 
3071.5 


3042.2 
3057.6 
3073.0 
3083.8 
3099.3 
3114.7 


3085.4 
3100.8 
3116.2 


3086.9 
3102.3 
3117.8 


3088.4 
3103.9 
3119.3 


3130.1 
3145.6 
3161.1 


3131.7 
3147.1 
3162.6 


3133.2 
3148.7 
3164.1 


3134.8 
3150.2 
3165.7 


3043.7 
3059.1 
3074.6 


3045.3 
3060.7 
3076.1 


3046.8 
3062.2 
3077.6 


3048.3 
3063.8 
3079.2 


3049.9 
3065.3 
3080.7 


3051.4 
3066.8 
3082.3 


3090.0 
3105.4 
3120.9 


3091.5 
3107.0 
3122.4 


3093.1 
3108.5 
3124.0 


3094.6 
3110.1 
3125.5 


3096.2 
3111.6 
3127.0 


3097.7 
3113.1 
3128.6 
3136.3 
3151.8 
3167.2 


3137.9 
3153.3 
3168.8 


3139.4 
3154.9 
3170.3 


3141.0 
3156.4 
3171.9 


3142.5 
3158.0 
3173.4 


3144.0 
3159.5 
3175.0 





3176.5 3178.1 3179.6 3181.2 


3182.7 


3184.3 3185.8 3187.4 3188.9 3190.5 





3192.0 
3207.5 
3223.0 


3193.6 
3209.0 
3224.6 


3195.1 
3210.6 
3226.1 


3196.7 
3212.1 
3227.7 
3238.5 
3254.0 
3269.6 


3240.1 
3255.6 
3271.1 


3241.6 
3257.2 
3272.7 


3243.2 
3258.7 
3274.3 


3285.1 
3300.7 


3286.7 
3302.3 


3288.3 
3303.8 


3289.8 
3305.4 

















3198.2 


3275.8 


3291.4 
3307.0 


3199.8 
3215.3 
3230.8 


3201.3 
3216.8 
3232.3 


3202.9 
3218.4 
3233.9 


3204.4 
3219.9 
3235.4 


3206.0 
3221.5 
3237.0 


3213.7 
3229.2 


3244.7 
3260.3 


3246.3 
3261.8 
3277.4 


3247.8 
3263.4 
3278.9 


3249.4 
3264.9 
3280.5 


3250.9 
3266.5 
3282.0 


3252.5 
3268.0 
3283.6 


3292.9 3294.5 3296.0 3297.6 3299.2 
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The techniques associated with the calibration of one terminating type power meter in terms of a 
second terminating meter are useful both in calibration measurements and in the practical application 


of such devices. 
of the microwave art. 


These techniques assume a variety of forms and represent an important segment 
However their application to the calibration transfer problem between power 


meters with different input waveguides has long been inhibited by the requirement for an adaptor and 
the uncertainty which its losses can introduce into the procedure. 
This paper describes a method of extending these existing techniques to this more general prob- 


lem, in which the adaptor losses are only a second order effect. 


error which is thus introduced. 


In addition, it provides limits for the 


Key Words: Power measurement, power calibration, adaptor efficiency. 


1. Introduction 


A large percentage of the power meters used at 
ultra-high and microwave frequencies are of the 
terminating type. This means that they (ideally) 
terminate the waveguide by its characteristic’ im- 
pedance and indicate the power which they absorb. 

Given the problem of determining how much power 
is being delivered by a signal source to a particular 
load, it is common practice to substitute the terminat- 
ing power meter for this load and thus measure the 
power it absorbs. Under ideal conditions this is also 
the power delivered to the load. 

In practice, however, the impedance of the load and 
power meter will not be equal, and the ratio of the 
power delivered to the load and to the power meter 
will differ from unity. The determination of this 
ratio is of obvious importance in the practical appli- 
cation of terminating power meters. If the object 
of the measurement is that of calibrating one power 
meter in terms of another, this ratio determination is 
often called a “power calibration transfer.” Today 
a variety of techniques are available for dealing with 
this problem.! 

In practice, however, most if not all of these methods 
are limited to the case where the input waveguides 
to the two terminations (meter and load, etc.,) are of 
the same type or cross section. The more general 


*A preliminary account of this work was given at the 1964 Conference on Precision Elec- 
tromagnetic Measurements (Boulder, Colo.), at the IEEE International Convention, March 
1965 (New York), and appears in Part 11 of the 1965 IEEE Convention Record (pp. 99-101). 
Because a different set of boundary conditions were employed, the error limits quoted in 
the Convention Record differ somewhat from those to be given here. 

**Radio Standards Engineering Division, National Bureau of Standards, Boulder, Colo. 

' For a brief survey of the existing techniques see the author’s paper, A variable imped- 
ance power meter and adjustable reflection coefficient standard, J. Res. NBS 68C (Engr. 
and Instr.), No. 1, 7-24 (Jan.—Mar 1964). 


problem of transferring power calibrations between 
power meters of rectangular waveguide and coaxial 
line inputs, for example, has received little attention. 
The reason for this lies in the implicit requirement 
for an adaptor and a detailed knowledge of its losses 
or other characteristics. 

This paper will describe a method of effecting such 
a comparison in which the adaptor losses are only a 
second order effect and for which limits of error are 
given. Aside from the adaptors, the method requires 
little or no instrumentation beyond what is required 
to compare power meters having the same type of 
input. Its complexity may be judged by noting that 
it requires only the application of existing calibra- 
tion transfer techniques. It does, however, call for 
two separate measurements which are then averaged 
to yield the final result. The procedure should prove 
a useful addition to existing measurement techniques. 


2. General Description 


As a specific example, the calibration of a coaxial 
bolometer mount in terms of a waveguide “standard” 
will be considered. The procedure for applying the 
method to similar problems will then be obvious. 

The components to be considered explicitly include 
the “standard” or calibrated waveguide bolometer 
mount, the coaxial bolometer mount, and a waveguide 
to coaxial line adaptor of arbitrary characteristics. 

A terminating type power meter may be calibrated 
either in terms of the “incident” power (power asso- 
ciated with the incident wave in a lossless line) or in 
terms of the net power absorbed (difference between 
“incident” and “reflected” powers). Although cer- 
tain practical arguments can be given in favor of the 
“incident” power, the net power definitions are based 
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on a more fundamental concept. In the case of a 
bolometer mount the parameter of interest is the 
effective efficiency, which by definition is the ratio of 
the bolometrically indicated value to the net power 
absorbed by the mount. The problem is thus one of 
measuring the efficiency” of the coaxial mount given 
the efficiency of the waveguide standard bolometer 
mount. 

As already noted (see footnote 1), techniques exist 
for effecting such comparisons when the input ter- 
minals are alike. More specifically, the comparison 
procedure yields the ratio of powers actually delivered 
to the two mounts. This ratio is then multiplied by 
the power ratio which is observed by the bolometric 
technique and the ratio of mount efficiencies obtained. 
Finally if one of these efficiencies is known, the other 
may be determined. 

The calibration procedure, which is the subject of 
this paper, requires two measurements m1, me, of the 
efficiency ratios of the adaptor-bolometer mount 
combinations shown in figures 1 and 2. The actual 


? The term “efficiency” as employed in this paper is to be interpreted in a broad sense 
and may represent either “effective efficiency” of a bolometer mount, or adaptor “efh- 
ciency” (ratio of net power output to net power input). 


COAXIAL MOUNT 


WAVEGUIDE 
STANDARD 


FicurE 1. I/llustrating first step of measurement procedure. 


YQ 


COAXIAL MOUNT 
(ne) 


= ADAPTER (ng) 
is WAVEGUIDE STANDARD 
Ow 


eS 


Illustrating second step of measurement procedure. 


COAXIAL SIGNAL SOURCE 


FIGURE 2. 


measurement procedure is not specified but may con- 
sist of any technique, including those listed in refer- 
ence 1, which provides these ratios. In figure 1 the 
adaptor is connected to the coaxial mount such that 
two similar waveguide terminals are available for the 
comparison procedure (m;). In figure 2 the adaptor 
is connected to the waveguide standard mount, and 
comparison (m2) effected at the coaxial terminals. . 
In order to permit these connections both the wave- 
guide and coaxial connectors must be of the “‘sexless”’ 
variety. 

If the adaptor were lossless, the efficiency of the 
adaptor-bolometer mount combinations would equal 
that of the mounts alone, and either procedure would 
yield the desired efficiency ratio. 

In practice, of course, the adaptor is not lossless. 
Thus the first measurement, m,, yields 

m= TA (2-1) 

Nw 

where 7c, Nw, and 74; are respectively the efficiencies 
of the coaxial mount, standard (waveguide) mount, 
and adaptor. (Note that the adaptor efficiency is a 
function of the terminating load impedance and direc- 
tion of power flow.) Equation (2-1) may be verified 
by noting that the product found in the numerator is 
the efficiency of, the adaptor-coaxial mount combina- 
tion. (This is one advantage of basing the efficiency 
definitions on net power.) 

In a similar manner the second measurement, me, 
yields 


Ne 


m2= 9 
NH2 Nw 


(2—2) 


where 72 is the adaptor efficiency which obtains during 
the second measurement. In general 7: ¥ m. 

It is convenient to regard the determination of the 
ratio Nc/Nw as the object of the measurement proce- 
dure. Since, by hypothesis, the efficiency of the 
standard, Hw, is known, the measurement of this ratio 
yields the coaxial mount efficiency, 7. 

Inspection of eqs (2—1) and (2-2) shows that the 
measurement results include the factors n; and 71>! 
respectively. Then, because the efficiency ¢ avi 
exceed unity, m; and my, yield a lower and uj; per 
bound to the desired ratio 7e/Nw. 

The geometric mean of m,; and mz yields 


V mm = Vi 


Nw 


while the quotient 
(2-4) 


Equation (2—4) serves to define the parameter € im- 
plicitly. This parameter is a measure of the adaptor 
losses and tends to zero as these losses are reduced. 
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In summary, the measurement technique consists 
of making the measurements m;, me, and taking the 
geometric mean as the desired ratio H¢/Nw. This in- 


cludes the approximation V7;/n=1. A knowledge 
of either ye or Hw thus permits the determination of 
the other. As already noted, it is possible to estab- 
lish limits for the error introduced by this approxi- 
mation from the fact that the efficiencies cannot exceed 
unity. Much tighter limits of error, however, can be 
derived by utilizing the fact that the same adaptor 
is used in both measurements. More specifically, if 
reciprocity is satisfied, it is possible to obtain upper 
and lower limits to this approximation in terms of € 
and the impedance conditions which prevail. 


3. Limits of Error 


As noted in the preceding section, the method is 
based on the approximation V7:/n2.=1. The error, 
thus introduced, depends upon impedance conditions 
and adaptor losses. Three different modes of opera- 
tion have been considered and are referred to as 
Cases I, II, Il. For purposes of illustration it is 
convenient to visualize the procedure in terms of 
figure 3, where the adaptor and two bolometer mounts 
are connected together as shown. 

The first measurement, m;, consists of separating 
the assembly at terminal surface 1 and measuring 
the ratio of efficiencies of the waveguide mount to the 
adaptor-coaxial mount assembly. The second meas- 
urement, m2, is analogous where terminal surface 2 
instead of 1 is employed. Let I, and I represent the 
reflection coefficients of the waveguide and coaxial 
mounts, and let [T; be the reflection coefficient at 
terminal surface 1 of the adaptor when terminated 
by a load I. (the coaxial mount) as shown in figure 3. 
Conversely, let [) represent the reflection coefficient 
which obtains at adaptor surface 2 with surface 1 
terminated by [,. Finally, let |I.| represent the 
magnitude of the adaptor reflection coefficient.’ 


3 The adaptor reflection coefficient magnitude, |I',|, is that value which obtains at one side 
or port of the adaptor with the other end connected to a matched (reflectionless) load. It 
thus corresponds to the ‘adaptor VSWR.” In general the value of |I'4| measured at termi- 
nal | differs from that at terminal 2. For high efficiency adaptors this difference is small and 
vanishes as the adaptor becomes lossless. Thus for most practical purposes the adaptor 
may be regarded as characterized by a single value of |I',|. 

The error expressions given for Case I are such as to give the correct limits if the value 
substituted for |I,,| is the smaller of the two. Thus, if the larger value is used instead, 
somewhat wider limits will be obtained. 

The failure to identify |[,| with either terminal is intentional in that this represents the 
most general case of practical significance. As will be shown later, tighter limits of error 
result if |I,| is identified with one terminal or the other. 
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FiGuRE 3. Block diagram showing impedance relationships. 


The error, E, in the different modes of operation 
is based on the following definition: 


E=,/"-1. 
N2 


Approximate (correct to the order given) limits for E 
are as follows: 


Case I. The impedance conditions are assumed to 
be completely arbitrary. It will be shown that E lies 
within the following limits: 


(3-1) 


€ é? 
Emax=5 (Pl +|Pe|+|Pal) +3 (3-2) 


tire els 
min Ds 8 


Case II. It is assumed that I, and I. are equal (in 
both magnitude and phase) but unknown. This pre- 
supposes the incorporation and use of a tuning trans- 
former in one of the components (usually the adaptor) 
to achieve this condition. It is then possible to express 
the limits for E in terms of |I,| and |I,| as follows: 


1 : 
Emax=5 (Cie)? if [aH Pel 5 (3-4) 


Eni +Fol) = if [Tit Fol= £ (3-5) 
max 9 8 2 


ae _€. 
Emin= 5 (Ei }+ Pl) 8 (3-6) 


Case III. The reflection coefficients [; and I, are 
assumed to be equal and of known magnitude. The 
limits for E now become 


Emax = 2|T |? if Pel< 4 (3-7) 


é ; € 
Emax = €|Tw| —¢ if [Twl> 7 (3-8) 


€2 
Emin=— €|Pw|— 9" (3-9) 


The error limits for Case III may thus be obtained from 
Case II by letting |T; |=|T |. 

Although the errors associated with Cases II and 
III are somewhat smaller than in Case I, a more im- 
portant argument in their favor is the simplification 
which they permit in the intercomparison measure- 
ments (mm, m2). Generally speaking, one of these 
measurements will be simplified if f2=T- or if [;=T,. 


129 





In Case II, for example, the first step is to adjust 
the adaptor (transformer) such that [2=I,. This 
permits a simplification in the measurement mop. 
Although measurement m,; must in general account 
for [; Ty, this problem (along with the measure- 
ment of |I;| and |I,,|) is more easily handled in wave- 
guide than in coaxial line (at least at higher 
frequencies!). 

In Case III only one reflection coefficient magnitude 
[P| (=|Pi|) enters the error expressions and, all else 
being equal, gives the smallest error. The problem 
of making the calibration transfer between unequal 
impedances (m2), however, has been shifted to the 
coaxial side where it is usually less convenient. An 
important application of Case III will be discussed in 
the following section. 


4. Extension to Type N Connectors 


The foregoing techniques are based on the require- 
ment that the connectors satisfy the “sexless” condi- 
tion. Although a number of precision coaxial connec- 
tors are now available which meet this criterion, the 
extensively employed Type N does not. The tech- 
nique may be extended to cover this case as follows. 

It is now convenient to visualize the problem in 
terms of the assembly shown in figure 4. The first 
step of the measurement procedure is identical to 
that already described. However when the structure 
is separated at terminal surface 2, a problem is en- 
countered in that it is not possible to mate both of 
these surfaces with a third one. 

The solution requires the introduction of additional 
transitions and calibration transfer measurements as 
shown in figures 5a and 5b. The measurement “‘m,.” 
is thus replaced by a pair of measurements (m2,_. mz») 
which, by inspection, yield the ratios: nyne/n2nw and 
NclAmN2Nw. Where ny and 7n» are the efficiencies of the 
additional transitions (adaptors) as shown. Since 
these efficiencies cannot exceed unity, it is possible 
to write 


WMe_ _ 


ie 
= Moy < Mz < Mop = ul 
2 Nw 


pre coma (4-1) 
NmnD2Nw 


The pair of measurements (m2. mz») thus yields 
upper and lower limits to m.. If their arithmetic 
average is used in place of m2, equation (2-3) becomes 


fe Cae E). 
: . ° (4-2) 
Nhe 2 Y Nm 


The error introduced by assuming V7/yn2=1 has 
already been described. It is easily shown that the 
additional error in assuming Vi (n+ 1/ym)=1 is 


within the approximate limits +3 (m2p—m2q)/(m2p+ moa). 
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FicurE 4. Block diagram illustrating problem implicit in type N 
connectors. 
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FIGURE 5. Adaptor configuration for measurements moa and mop. 


differ by 1. percent. The average will then differ from 
mz by no more than + 0.5 percent. Finally, this value 
is averaged with m;. Since m, and mz are nominally 
equal, a +0.5 percent uncertainty in my» will give a 


As an illustration, it will be assumed that mz, and mz, +9.25 percent error in the final result. 
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FIGURE 6. Transition sections required in extending technique to 
type N connectors. 


Although these additional transitions can be made 
by commercially available components, it is desirable 


in practice to keep the associated losses as small as , 


possible. Figures 6a and 6b show adaptors which 
have been built to satisfy this requirement. In par- 
ticular it should be noted that the center conductor 
is supported only at its ends by the mating connectors. 

The Type N connector suffers from a number of 
limitations including impedance discontinuities, which 
become increasingly important at high frequencies, 
and the lack of a well defined terminal plane or sur- 
face. As a consequence it is difficult to give a mean- 
ingful definition to impedance at the connector 
interface. 

These considerations strongly suggest the use of a 
power calibration transfer procedure (measurement 
m2) which is independent of the connector discon- 
tinuity. Such a technique has been described in a 
previous paper.* The complete procedure thus comes 
under Case III, where the impedances are matched 
and measured at the waveguide side (terminal 1), 
leaving the power calibration transfer between unequal 
impedances to be effected at terminal 2. (Note that 
according to the point of view adopted in the preced- 
ing paragraph, Case II cannot be applied because the 
impedance discontinuity makes it impossible to rec- 
ognize when I. =T>.) 

An alternative approach to using the Type N con- 
nector is based on the choice of reference plane in- 
dicated in figure 7. (This convention is called out in 
MIL Spec. €C39012/1-—5.) 

If this point of view is adopted, it is desirable (in 
theory) to eliminate the shoulder in the outer conductor 
transition piece of figure 6a such that the two outside 
conductors are in physical contact. 

The adaptor is thus, by definition, absorbed by the 
two Type N male connectors such that ny may be given 


4G. F. Engen, A transfer instrument for the intercomparison of microwave power meters, 
IRE Trans. Instr. 1-9, No. 2, 202-208 (Sept. 1960). 


REFERENCE PLANES——__] 





FIGURE 7. Possible reference plane for type N connector. 


the value unity.5 The measurement mz, thus becomes 
Me, and measurement my» is no longer required. 

It is important to note that, according to this con- 
vention, the Type N male connector may be mated 
with either male or female, but this is not true of the 
Type N female. Thus this technique is limited to the 
case where the coaxial meter is fitted with the Type 
N male connector. 

This convention also makes it possible to make the 
comparison measurements under Case II since the 
two assemblies shown in figure 5a may be adjusted 
(assuming tuning is available) for equal input 
impedances. 

This alternative procedure is somewhat easier to 
implement, but more restricted in its application and 
interpretation. 


5. Derivation of Error Expressions 


A microwave measurements problem of long stand- 
ing finds its solution in the foregoing techniques. 
However if these procedures are to be accepted by the 
scientific community, it appears desirable to record 
the derivation in sufficient detail to demonstrate its 


validity. Moreover, while the arguments are rather 
long, they have a potential application to related prob- 
lems and are thus of some interest in their own right. 
The object of this section is the derivation of equa- 
tions (3-2)-(3-9). (The reader who is willing to 
accept this ‘“‘on faith” may, without loss of continuity, 
proceed to the next section.) 

A complete description of the adaptor (at one fre- 
quency) requires six parameters—the real and imagi- 
nary components of its impedance matrix, for example. 
In addition, the adaptor efficiencies also depend upon 
the complex impedance of the terminating loads 
(bolometer mounts). Thus a total of 10 parameters 
is involved. 

Obviously, if these 10 parameters were known, they 
would permit an exact determination of E. In prac- 
tice, however, many of these parameters, especially 
those pertaining to the adaptor, do not lend them- 
selves to ready measurement. Indeed, the value of 
this technique rests in a large measure upon its ability 
to provide limits for E with a minimum of supplemen- 
tary information. 


5 This ignores any losses introduced by the failure to perfectly mate the outer conductors. 
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FiGURE 8. Block diagram for error evaluation. 


Although the derivations are rather involved, it is 
easy to show that the error, E, is of second order. As 
already noted, the error vanishes in the ideal case of 
a lossless adaptor. The parameter, €, is one measure 
or indication of the extent by which the adaptor fails 
to satisfy this condition. Thus the error tends to 
zero as € goes to zero. 

On the other hand, if an impedance match (I'=0) 
is assumed for the different components, 9: = 72 and 
again the error vanishes. This is also an idealization, 
but one which is approximately satisfied in practice. 
Since the error vanishes under either of these condi- 
tions, the error expressions may be expected to involve 
the product of € and the I’s.® 

The problem may be formulated in a variety of ways: 
a convenient one is in terms of the normalized complex 
incident and emergent “‘voltage’’ wave amplitudes, 
a;. a2. b;, bs, as shown in figure 8 and the constants, 
a, B, y, of the linear fractional transformation which 
relate the ratio b;/a; to a2/b2. That is, 


In terms of the more familiar scattering matrix 


notation, 


Si1S22 


a=Si,— 


a— By=Six, 


b; = Sia, ig S,2a2 
by = Sia) 2 So2ae. 
*It will be noted that the error expressions also involve terms in €. In the meaning of 


this paragraph a “matched adaptor” is matched at both ports or terminals while the error 
expressions assume the impedance is known at only one port. 


It should be noted that reciprocity is assumed and 
impedance normalization made such that S,.=Sy.. 
The complex constants a, B, y thus provide a com- 
plete description of the adaptor. 

The condition that the adaptor be source-free or 
passive imposes certain conditions on the param- 
eters a, B, y. Under the assumed normalization the 
scattering matrix S satisfies the matrix equation:7 

Det (1 —S*S) =0. (5-4) 
[In this equation (*) represents the Hermitian con- 
jugate. | 

For a two-arm junction this reduces to 


(1 — |Si1|?—|S12|?) 1— |S12|?—|S22|?) 


—|Si1Si2* + Si2S22 *|? = 0, (5-5) 
and in terms of a, B, y becomes 


1—lyP-|B)*+]e)?—2la—By|>0. (5-6) 

If eq (5-6) is multiplied by 1—|y|?, the resulting 
relation can be expressed in the form 

(1—|y??—|la—By|?—|B—ay*|??>0. (5-7) 

It will also be shown in the next section [see eq (5—15)] 


that 1—|y|?—|a—By|=0. Thus eq (5-7) may be 
written =~ 


1 —le—Byl , Bey". 
“wa te 


Finally, it will prove convenient to make the following 
definitions: 





(5-8) 


;—le@=By! _ 
1—|y/? 


x, (5-9) 


B—ay* 
i~tyi* 


=y. (5-10) 
Note that x is real and positive while y is complex. 
Equation (5-8) thus becomes 


x =\|y|=0. 


(5-11) 


5.1. Analysis of a Special Case 


Let 72: and m2 represent the adaptor efficiencies 
under the two conditions shown in figure 8, and let 
In, Tai, Tae, Te represent the reflection coefficients 
which obtain at the different terminals as indicated. 
For example, Ty, =a;/b;=1/Ta:, ete. (This notation 
is somewhat more general than that employed in the 
earlier section and is introduced to simplify the appli- 
cation to other problems.) 


7C. G. Montgomery, R. H. Dicke, and E. M. Purcell, Principles of Microwave Circuits 
(McGraw-Hill Book Co., Inc., New York, N.Y., 1948). 
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By definition, 


Net power delivered to load 2 _ |b2|*-|a2|? 
Net power input ai terminal 1 |a,|?—|b,|?’ 


(5-12) 





N21 = 


and similarly, 


_ |b: |*-|a,/? 
n2> |a2|2—|b»|? (5 13) 
The analysis of Case I is facilitated by considering 
first the special case where [ny=I2=0. Applying 
these conditions (in turn) the adaptor efficiencies may 
be written in terms of a, B, y as follows: 


_ la—By| 


T= TB)?” (5-14) 


la— By|. 


m2= "Tol? (5-15) 


The assertion made in connection with eq (5-8) is 
now evident, since 712 S 1. 

It will prove instructive to consider the maximum 
and minimum values of 72; assuming 712 and |y| are 
given. From eqs (5-14) and (5-15), 


— 
N21 = N21 er (5-16) 
By inspection 72: increases in value when |8|? in- 
creases and conversely. Although the value of ||? 
is not given, it is possible to determine limits for its 
value in terms of 12 and |y|: 


ipl? = \(B — ay*) + (a— By)y* |? 
(1—|y/?? 


<||B—ay*|, la—By| - ll]? 
<| I-bP Ile if 








(5-17) 


IB|? < (yl + mely|)?. (5-18) 


The maximum value of ||? will occur for the maxi- 
mum value of y, that is when |y| =x=1—7n1». There- 
fore, 


|BlPiax =. — m2 + MI 1). (5-19) 


Substitution in eq (5-16) yields 


1+|y| 
2—mA1— ||) 





1)21(max) — 


(5-20) 


In order to determine the minimum value of |B|?, it 


208-651 O-66—6 


is convenient to write eq (5-17) in the form 


(a— By)y* ° 


Since the only restriction on y is a limit to its magni- 

tude, |B|* can be made to vanish by a suitable choice 

of y for small values of |y|.. Comparison with eqs 

(5-8) and (5-15) shows that this is possible provided 
l= nv 


amare 


(5-22) 
Niz 


For larger values of |y|. the minimum value of ||? is 
given by 
|Bl2un =[ni2ly| — — n)P. (5-23) 


Substitution of these results into eq (5—16) yields 


if |y|S 


1— m2 
2 ° 


N21(min) = M21 — |y|?) (5-24) 


Ne1min)= (1 —ly)) 1— m2 
21(min)— 

_ 2—m2(1+|y]) Ni2 

Figure 9 shows a plot of eqs (5-20), (5-24), (5-25) ! 
with |y| equal to 0.2. 

The area bounded by the 21(max)s N21(min) Curves, and 
the m2: axis represents possible combinations of 72; 
and 712 for the given choice of |y|._ In practice neither 


N21 Nor 72 is known, but they are connected by the 
relation 





if |y|= (5-25) 


Na1M2 . (5-26) 
This relationship is also plotted in figure 9 where e=0.2. 
(This value of € is not representative, but chosen to 
better exhibit the characteristics of the problem.) 

The final object of this section is to determine max- 
imum and minimum values for the ratio 21/12 in 
terms of € and |y|. By inspection it is evident that 
this occurs at the intersection of eq (5—26) with the 
Nemax) ANd Y21(min) loci. 

e maximum value of 72:/y12 may be calculated 

from eqs (5-20) and (5-26) and is given by 


e2 
+—(1 + |y|)? 
- ely| 4+ 


Ni2 


=1+ 


max 





l+e alate 


In a similar way, 


N21 


Yi2 | min 


€ 


: ™ 
if ly| 2+€ 


“tie 


é : 
elyi— ly 


l+e 





€ . 
2+€ ; 
(5-29) 


if |y| = 
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FIGURE 9. Plot showing limits for ne, with |y|=0.2. 


These last three equations give the limits § for y21/712 
in terms of € and |y| subject to the condition that both 
loads (power meters) are matched (Cy =n =0). 

By definition, [eq (5-2)], |y| represents the reflec- 
tion coefficient magnitude “looking into” adaptor 
terminal 2 with terminal 1 connected to a matched 
load. Figure 10 shows the reduction in the spread of 
possible values for H2:/M12 when y=0. 


5.2. Case | 


In Case I each of the two loads (power meters) is 
assumed to have an arbitrary reflection of known 
magnitude. 

The generalization of the foreégoing results to Case I 
is simplified by use of the following artifice: 

Returning to figure 8, it is possible to construct an 
equivalent circuit of loads 1 and 2 as shown in figure 11. 
The characteristics of the “lossless transformers” 
are adjusted to duplicate the impedances of the respec- 
tive loads. Substitution into figure 8 results in the 


) an \ 


* It is of interest to compare this result with that which would be obtained if different 
adaptors were involved in the two measurements (as was done in extending the technique 
to Type N connectors). In the latter case the only condition which could be used is that 
the efficiencies do not exceed unity which leads to 


Na 2 l 


=l+e.— - ; 
M2 | max M21 min +e 

Although these expressions result in first order errors, they are of some interest in that 
they are completely independent of the impedance conditions. 
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FIGURE 10. Plot showing limits for y21 with y= 0. 
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FIGURE 11. circuit” 


meters). 


“Equivalent of unmatched loads (power 


configuration shown in figure 12. It is now convenient 
to shift the terminal surfaces from the unprimed to 
the primed positions such that the lossless transform- 
ers become part of the adaptor. Because the effi- 
ciencies 421, N12 are based on net power flow, their 
values are invariant to this shift in terminal surfaces. 
The results of the preceding section may thus be 
applied provided an appropriate change is made in 
y| to account for the addition of the lossless trans- 
formers to the adaptor. 

Let y’ represent the value y takes when the terminal 
surfaces are shifted to the primed positions, and let 
In, Te represent the reflection coefficients of the two 
loads: By definition y’ is equal to the ratio b3/a; which 
obtains at terminal 2’ assuming the matched load is 
removed and the assembly is excited at this port. The 
transformer bounded by terminals (2'’—2) is thus 
terminated by a load of reflection coefficient 'g2=b:2/a2, 
while terminal 1 of the adaptor is terminated by a load 
Pn = a,/dy. 
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FIGURE 12. Equivalent circuit used in extending analysis to un- 
matched loads. 


From eg (5-1), 


ee 
Lae a +1 (5-30) 

By hypothesis, the argument of I, is unknown (as 
well as the arguments of a, B, y). The problem is 
now one of determining the maximum value of |Po| 
as the argument of I, varies. For convenience the 
adaptor will be assumed lossless. The parameters 
a, B, y then satisfy the conditions 


B—ay*=0 


(5-31) 

la|=1 
which follow from eq (5-8) when equality is assumed. 
These conditions may now be substituted back into 
eq (5-30) and the magnitude, |Ia|, differentiated 
with respect to the argument of [n. This leads to® 


ly| + Ful. 
1+ lyPn| 


[T'a2| max a 


(5-32) 


By a straightforward extension of these arguments 
ly’ lnax is given by 


ly’| acs \Pa2|max + |Pi2| 
mm 1+(|Pe| [Porlmax 





— Wal+|Pel+lyH+|PaPey| 
1+ Pal e|+lyPu l+|yPie| 





(5-33) 


As previously noted, the adaptor has been assumed 
lossless for this calculation. Because of losses, the 
actual value |y'|max will be somewhat smaller. In 
most practical applications the difference will be small, 
and in any case the use of eq (5-33) leads to error 
expressions which err on the side of being too large. 


9 Alternatively, eq (5-32) may be obtained by noting that |[,|=constant represents a 
circle in the [, plane. The corresponding locus of Taz is also a circle whose radius and 
displacement from the origin may be obtained in terms of a, 8, y, and |[',|._ The maximum 
value of |Ia2| is given by the sum of this radius and displacement. 


Equation (5-33) is now substituted into eq (5-27), 
(5-28), (5-29), the square root taken, and only the 
lowest order terms retained. This results in the ap- 
proximate expressions: !° 


»1\ 1/2 2 
bag =145( P| + [P| + In) +5. (5-34) 
N21 


1/2 1 
=) =1—5 (Fault (Pel + ly)? 
‘oa il 2 ul | a ID 


£ 


if [P| + [Pe 4 


+ lyl < 


m1)" E vir . si 
=]--(ll +/Pp]+ jo 
e min 2 ([Pu| + [Pee] + ly) 8 


3 € 
if Pn — IPI + ly| ee 


5.3. Case Il 


In Case II the reflection coefficient magnitudes 
[in| and |[ai| are given. In addition, it is assumed 
that Ia2=T. As in the previous problem, the 
analysis is facilitated by considering a special case: 
Tn =0. 

Subject to these conditions [eq (5—15)], 


_ |a—By| 


8 1-be 


la—By|d Se \Ti2 |?) 
|] + yz |? — |a+ al. |? 





hh >= 


By hypothesis and by definition, 


V2 =a =—y. (5-38) 


' Aside from the change in notation, the generalization of eqs (5-34)-(5—36) to (3-2) and 
(3-3) involves the recognition that |y| is identified with terminal surface 2 while the coun- 
terpart |I",,|, as previously noted (footnote 3), is unspecified as to reference terminal. As 
a consequence, it is not possible to uniquely identify ; with either y2: or yi. Both alter- 
natives must be considered in order to determine the largest possible error. 

The “deterioration” in error limit in going from eqs (5—34)-(5-36) to (3-2) and (3-3) is 
thus the “price” one pays for failure to identify the terminal surface associated with |I’,|. 
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Moreover, 


r _alp+B _Bo-ay 
yp tl 1-7 





(5-39) 


By means of eqs (5-38) and (5-39) it is possible to 
eliminate B and Ty, from eqs (5-15) and (5-37), re- 
sulting in 


— _ ja-ya | —|y/9) 
mr }1= 710 — Parl ” 
- la—yPai| |1—y?| 

i 





(5-40) 





(5-41) 


12 


In a similar way eq (5-8) becomes 


_la-yWal ll1—y?| 


- 
1—|y/? 








=> 


laty—y*)+ Par(l yj - 
1—|y|? 


aly — y*)+ Pail mar A, a 
cir 





5. 


Equation (5—42) now becomes 
1— m2 = |8| =0 
and eq (5-40) can be written: 


_nb—[8—Pal? 
Neill [Pas |?) 





N21 (5-45) 


In general the value of 6 will be unknown. However, 
it is evident that 72; will have its maximum value if 
5=[. This in turn is possible provided |P'ai]<1—n1, 
etc. : 

Therefore, 


Es iz 
21(max) ~~ + B 
n max 1 pas Dos 2 


if |Pai] <1—m2. 
(5—46) 


_ 2ee—l— Purl) 


7}21(max) — 





mi + |Pal) if |Pai| = 1— 72. 


(5-47) 


2y12—-(1 + Pail) 
m1 = Pal) 





1)21( min) — 


As in the previous problem, it is now possible to 
plot 7e1(max) 2Nd Hemin) in terms of yy». It will then 
become apparent [as may also be shown by solving 
eqs (5-46), (5-47), and (5—48) for n12| that this prob- 
lem has been reduced to the previous one where the 
roles of 712 and 72 have been exchanged and |y| is 
replaced by |[ai|. The same arguments for extend- 
ing the result to the case where I), #0 may also 
be used. 

The expressions of interest may thus be obtained 
directly from eqs (5-34) and (5-35), 


M21 
r2 


_ Te 


max 21 


etc. 
min 


Therefore, the approximate limits for Case IT are 


5 4\ 1/2 l 
(M2) = 145 (Falta? 
12/ max 


if \Pail+|Pu| < . 


N21 1/2 € e 
ee =]+- i HT alls 
bel (Falta) 


if [Pa l+|Pa| =. 


N21 u/2 € ‘ é? 
met) =1-£ (Pa +n) —= 
oad 9 {| f+1Pu) 8 


5.4. Case Ill 


The boundary conditions on Case III are Ty, =T a 
(=I for brevity) and |I'| is given. The treatment of 
the previous problems has been simplified by first 
assuming one or both loads to be matched, but this 
approach does not lend itself to the present problem. 
The analysis of Case III proceeds in a different manner. 

The efficiencies may be written: 


~~ —TT 
lja—By|(1—|T|?) ° 


-__la—By|a— Ir) 
1 — pr P—ly—ol P 
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(5-52) 





(5-53) 


In terms of the previously defined parameters x, y 
[eqs (5-9), (5-10)] these become 


_ A= 
m1 (—x) (1 — IP 2)’ 


_d-x#0-|F}) 
m2 72 —( — xT?” 





(5-54) 





(5-55) 





é=ly—Tl, 
h=|1—yT|. 
Moreover 


en (1 —s?— 2 — 
mame 72-1 —xpP (FP +e 





(5-58) 


These equations may be combined to yield the ratio 
N/M as a function of €, T, and y."! 


: gee 

2 oe, 2 

™ (ire) 
“fe TID —_ Irsy22 9 
me (+e+ F201 —|P|9 1+ 


N21 l+e 





(5-59) 
(1+e) 


The terms ¢€ and |I'| are parameters of the problem 
while y is unknown and subject only to the restric- 
tion [eq (5-11)] 


ly] <x. 


The problem is thus one of determining y and arg [ 
such that 7:/y12 has its maximum and minimum 
values. 

Inspection of eq (5-59) shows that 721/712 decreases 
as h decreases and as g increases. Thus, the mini- 
mum value of yp:/yi2 occurs when g=x+|I| and 
h=1—2|I|. 

If these relations are now substituted into eq (5—58), 
the resulting equation may be solved for x in terms 
of'e and IT. This in turn determines g and h as func- 
tions of € and |’. Finally, substitution into eq (5-59) 
yields 


Nei _ 2e\'| 


112 | min (1+S)a+iriy+elr 





e ire 
4 2 - IF) 


[(+s)a+ira+eri 





(5-60) 


or if only the lowest order terms are retained, 


Na 1/2 e 
voi e| | 8 


Conversely, it is also evident from inspection that 
N21/N12 increases as A increases and as g decreases. 


(5-61) 


Note that g and h are merely abbreviations for certain functions of y and I. 


— the arguments of y and [ should be chosen such 
that 


e=|lol-Iri|, 


(5-62) 


h=1+|yT}. (5-63) 
In this case, however, |y| is not determined since 
&min occurs for |y|=|I'| while hmax obtains for |y| =x. 
It thus becomes necessary to substitute the above 
expressions for g and h into eq (5-59) and differen- 
tiate with respect to |y|._ The derivative vanishes and 
a maximum occurs for 


j= le 5-64 
WT +e—|r lia 
Substitution back into eq (5-59) leads to 


nm _(+|P 2? 
712 max (1—|I |??? 





This however is subject to the condition that 


r\(2+e 
ly|= SE <x. (5-66) 


The associated value of x may now be computed by 
substituting eqs (5-62), (5-63), and (5-64) back into 
eq (5-58). This leads to the condition that the solu- 
tion given by equation (5-65) is valid in the range 


Fe+e) —,_ A+|P +e)" 
l+e—|I? © (i+e-TP ’ 





(5-67) 


which may be solved to yield 
2 


1 
IF] <= [2+e-20 +9'2]="-<.. . .. (5-68) 
€ 4 8 


For larger values of |I'|, |y| is set equal to x and the 
problem handled as was done for 721/12|min. Again, 
if only the lowest order terms are retained, (121/712)1/? , 
is given by 


oa \ 1/2 
(=) =142/F2 
1127 max 


Nae 2 
(=) =1+¢r|—-© 
7112/7 max 8 


With an appropriate change in notation, the results 
of this section leads to eqs (3-2) —(3-9). 


if || < > (5-69) 


if |T| 7 (5-70) 


6. Experimental Results 


An application of the foregoing techniques which 
is of immediate interest is the extension of the existing 
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NBS calibration capability in X-band waveguide to 
coaxial thermistor and barretter mounts. A variety 
of these items, with an advertised upper frequency 
limit in the 10-12 GHz range, is commercially avail- 
able. A calibration near this upper limit is of par- 
ticular interest because it appears reasonable to 
anticipate decreasing efficiency with increasing fre- 
quency. To the extent that this is true, the X-band 
calibration provides a lower limit to the efficiency 
over the entire operating range. 

Measurements on a group of four mounts from dif- 
ferent manufacturers (with Type N _ connectors) 
yielded efficiency values in the range 86-97 percent 
at 9 GHz. Another series of measurements on four 
different mounts but of the same make and model 
yielded values in the range 94—96.5 percent. These 
results indicate that high efficiency values are pos- 
sible at X-band frequencies in coaxial mounts but 
also suggest there may be a much wider variation in 
different makes than is found in waveguide mounts. 

The “‘waveguide-coax adaptor” used in the measure- 
ment was a commercial adaptor connected to a five- 
stub waveguide tuning transformer. The combination 
provided an average efficiency of approximately 98 
percent. 

Because of the Type N connectors, it was necessary 
to employ the procedures described in section 4. 
The two measurements m2, Mz typically differed by 
0.4 percent, thus the error limit from this source was 
+0.1 percent. The error introduced by assuming 
V n2:1/Ni2= 1 was computed from eqs (3—-7)—(3—9) and 
did not exceed + 0.1 percent. (The waveguide standard 
was matched with |I,|< 0.01.) These errors are in 
addition to those introduced by the calibration transfer 
procedure itself. Although this latter error can be 
held to a few tenths of a percent or so when the trans- 
fer is between waveguide mounts, the performance of 
certain of the coaxial components (sliding short, con- 
nector repeatability, etc.) is not up to that of the wave- 
guide counterparts, and this calls for a wider estimate 


of the error limits. A tabulation of the errors in a 
typical calibration is thus as follows: 


1. Uncertainty in efficiency of waveguide 

standard 
2. Calibration transfer procedure.............. 0.6-1.0% 
3. V o1/12= 1 approximation 0.1% 
4. Difference in moq and myzp.............. 200065 0.1% 


1.0-1.4% 


7. Other Measurements 


Although attention has been focused primarily upon 
a specific application, the developed techniques have 
potential use in many other measurement problems 
where a change in waveguide is involved. 

For example, the measurement of the adaptor 
efficiency may be the prime objective. Equation 
(2-4) may be combined with (3-1) to yield 


m= Vain (1+ E)= (1 +B). (7-1) 


The square root of the quotient of the two measure- 
ments thus -yields the efficiency 7; within the limits 
given for E. A similar expression may be obtained 
for Ne. 


The author expresses his appreciation to several 
of his colleagues who provided experimental demon- 
strations of the technique, checked the mathematics, 
and provided constructive suggestions in the prepara- 
tion of the manuscript. These include Mrs. Anne 
Rumfelt, Fred R. Clague, John W. Adams, and Robert 
W. Beatty. 
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Presented are methods that avoid the need to employ an extrapolation technique in the region 
of the critical points for evaluation of the apparent emmissivity of diffuse cylindrical and conical 


cavities. 


The methods involve appropriate substitutions in the integrands of integral equations that 


are used in analytical solutions for determining the thermal radiation characteristics of diffuse and 


conical cavities. 
are provided in a direct form for computations. 


Equations for either isothermal or nonisothermal surface temperature conditions 


Numerical results are presented for a general linear 
temperature distribution along the length of a cylindrical cavity. 


The method is equally applicable 


for the solution of other problems in integral equations where discontinuities are encountered. 


Key Words: Conical, cylindrical, emissivity, nonisothermal. 


1. Introduction 


Analytical formulations have been derived [1, 2, 3]! 
for determining the radiant interchange in finite length 
cylindrical cavities, and conical cavities whose bound- 
ing surfaces radiate in a gray diffuse manner. These 
solutions are in the form of integral equations where, 
unfortunately, most of the integrands exhibit discon- 
tinuities with finite limits at critical points, such as 
the corner of the cylindrical cavity and the apex of the 
conical cavity. Numerical solutions of these equa- 
tions in the region of the discontinuities have been 
previously evaluated by extrapolation techniques. 
Also, to a lesser degree of difficulty, some of the in- 
tegrands exhibit slope discontinuities, which for accu- 
rate numerical results may involve intricate numerical 
integration procedures. 

The purpose of this paper is to present methods for 
numerical evaluation of the apparent emissivity in 
these cavities that avoid use of an extrapolation tech- 
nique in the region of the critical points. For the main 
part, the methods involve appropriate substitutions 
which make the integrands go to zero at the critical 
points and at the points of slope discontinuity. Im- 
petus for this investigation has been the numerical 
evaluation of thermal radiation characteristics for 
parameters not included in the scope of references 1 
and 2. A particular need has been the determination 
of the thermal characteristics for low values of the 
surface emissivity of shallow cylindrical cavities in- 
vestigated by Kelly and Moore [4]. 


' Figures in brackets indicate the literature references at the end of this paper. 
g pap 


Also presented is a system of integral equations for 
determining the thermal characteristics of diffuse 
cylindrical and conical cavities whose surfaces are 
nonisothermal. A few selected numerical results are 
included for the cylindrical cavity with an arbitrary 
linear temperature variation over its length. 


2. Cylindrical Cavity 


Analytical formulations for the apparent emissivity 
of the surfaces of cylindrical enclosures have been 
derived by Sparrow, Albers, and Eckert [1]. Using 
the same nomenclature, their eqs (8) and (9) are pre- 
sented here in a different form. 


sidnaond I leila. ella 
0 


+ : = (z- x0) a €a(r)Ko(xo, r)rdr (1) 


see Lid 
ima 5 : I €a(x)Ko(x, r) (G-:) dx (2) 


1 xo—2| _Axo—x}? +3 
where K,(xo, x)=1 9 {(x9—x)?+ 1}3/2 





(z+w) 
{z+ (1 —2w)z+ w?}3/?2 





K2(x, r)= 





and €, is the apparent emissivity of a surface location; 
€a(Xo) and €(r) represent values on the curved surface 
and flat surface, respectively, of the cylindrical cavity. 
The physical system is described in [l]. L is the 
length of the cavity, d is the diameter of the cavity, 
x is a ratio of the distance measured along the cavity 
wall from the opening to the diameter, and r is the 
ratio of the radius of a position on the bottom of the 
cavity to the cavity radius, R. 

Initial attempts by the author at obtaining numerical 

solutions of (1) and (2) were frustrated by the erratic 
behavior of the kernels K2(xo, r) and K2(x, r) as r ap- 
proaches unity and x and x» approach L/d (the corner 
of the system). Visual inspection of these kernels 
and integrals involved indicates an indeterminate 
form at these limits. In correspondence with L. U. 
Albers (coauthor of [1]), it was disclosed that an 
extrapolation technique was employed in the region 
of the corner, and that the results were quite insen- 
sitive to wide variations in types of extrapolation. 
Attempts at extrapolation by the author proved to be 
inconclusive. Indications were that the second dif- 
ferences were quite large in this region, showing that 
linear extrapolation may be inaccurate. 
» The suggested method for obtaining solutions is 
to make the integrand zero at the corner and make 
contributions to the results negligibly small in the 
region of the corner. This may be performed by 
making the substitutions 


€a(x) = Ag+ Aiz+ G(x) (3) 


€a(r) = Bo + Biw+ Wr) (4) 


in the integrals of (1) and (2). Ao, A;, Bo, and B, are 
chosen such that ¢(L/d)=¢(0)=0 and 1) = 0) =0. 
Substitution of the first two terms of (3) and (4) in the 
appropriate integrals of (2) and (1), and by rdr=— 2dw, 


and (5- dx =— dz/2 gives 


(Bo + Byw)(z + w)dw 
{w? — 2zow + zo + 22} 3/2 





1/4 
1, = 220 [ 
0 


on ee (Ao + Ai2)(z + w)dz 
TF Jo {22+ — 2 )z + w?} 9? 





From a table of integrals 





I, =2 on I 1I)Bo+ 22z0(Z0 a 1)B, 
(Zo + 11/2 


— zh/?{2Bo +(1 + 22)Bi} 


— zi/?B, In [2{(zo+ 2} | (5) 


[(L/d)? —w] [40+ 41 + Aw] — A\(L/d)? 
[{(L/d)? — w}? +(L/d)?]¥/? 


+ A,/2 In [2{ [(L/d)? — w]? + (L/d)?} "2 + AL /d)?2+1—2w] 
(6) 


I, =Ay+Aywt 





The kernel Ki(xo, x) has a discontinuous derivative 
at x=xo. This did not seem to have an appreciable 
effect on the accuracy of numerical integration by 
Simpson’s rule if the subdivision of L/d was sufficiently 
small. The smaller the increment, the longer becomes 
the time needed to compute apparent emissivities, 
and it is therefore expedient to use as large an incre- 
ment as possible. This can be done by making the 
integrand equal to zero at x=xo, and quite small in 
the vicinity of xo, or by the substitution 


€u(X) = En(Xo) + A(X) (7) 


in the first integral of eq (1). Letting 


Lid 


I,= eta), I, ‘ K,(xo, x)dx + Ki(xo. ndr| 
0 


ro 


and performing the indicated integration, we obtain 
2x5 +1 


2 
I 2 (j-) +1 
I, = Ea(Xo) Fn ed = = 


NH x2 /2 a 
. ae 2} (G-») +i} 





d 


With the substitution of (3), (4), and (7), eqs (1) and (2) 
become 


Lid 
€n(Xo) = E+ (1 —€) E +| A(x)Ki(xo. ydr| 
0, 


a8 {I +(j-x) I, Wr)K2(xo. rirdr} (1a) 
0 


€ 


= Lid 
edt) = e+ 9 {I+ | O(x)Kelx, (5-2) a. 
0 


(2a) 


Numerical solutions were obtained from (la) and 
(2a) by the process of iteration, where all numerical 
integrations were performed by Simpson’s rule and 
employed an increment equal to Yea of the difference 
of the limits of integration. This increment was 
proved adequate by comparison with results obtained 
using an increment of 12s. For a fixed value of L/d, 
the kernel functions were computed only one time for 
all variations in the surface emissivity, €. K,(xo, x) 
was computed in a one-dimensional array where proper 
indexing gave translation about a given value of xo. 
K(x, r) was computed in two-dimensional array. 

Initial values of €q(x) were determined from rather 
crude polynomial approximations. Placing the values 
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FIGURE 2. Apparent emissivity in a cylindrical cavity, L/d=1. 
FIGURE |. Apparent emissivity in a cylindrical cavity, L/d=2. 


for €q(x) in (2a), gave values for €,(r), which with the TABLE 1 
values of €(x) placed in (la) gave new values for € (x). 
This process was repeated using the new values in Values of elr=0) and ef= 1) 
(2a). The number of iterations (n) necessary for con- 
vergence was set by the criterion ” 











€a(x = O)n — Eo(x = 0)n-1 
E(x = O)n 


0.9785 0.9843 
9659 

9435 

9153 

8778 

8264 : 

-7504 4976 

6980 4383 

5728 6314 3724 
4874 5438 -2982 
3756 4246 -2136 
.2228 -2554 1156 





< 0.0005 


which was usually satisfied forn=4orless. A typical 
time to compute 16 cases involving various values of 
L/d and € was about 2 min for an IBM 7094 digital 
computer. 

Figures 1, 2, 3, and 4 give values for apparent emis- 
sivity versus dimension ratios for L/d=2, 1, 0.5, and 
0.25, respectively, and for various values of the surface 
emissivity, €. Where the same parameters occur, 
there is agreement with values given in table 1 of 
reference [1] to within 0.1 percent. Figure 5 is a plot 
of €a(r=0) versus € for L/d=2,1,0.5, and 0.25. Figure 
6 is a plot of the ratio of the overall emissivity of the 
cavity to the surface emissivity (Q/a7e7R?T*) versus 
€ for L/d=2, 1, 0.5, and 0.25. The ratio was computed 
by numerical integration of eq (11b) of [1]. 


an 


Hib ipeenoanoe 


| S 
an 





Values of Q/(aemR?T"*) 





1.0801 
1.1755 
1.2908 
1.4330 
1.6156 
1.8540 
2.1877 
2.4072 
2.6770 
3.0207 
3.4720 
4.0920 
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FIGURE 3. Apparent emissivity in a cylindrical cavity, L/d=0.5. 


FIGURE 4. 
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Apparent emissivity in a cylindrical cavity, L/d=0.25. 
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FIGURE 5. Apparent emissivity versus surface emissivity at the center 
of the bottom of cylindrical cavity. 
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FIGURE 6. Overall heat transfer rate from cylindrical cavities versus 
surface emissivity. 


3. Conical Cavity 


Analytical solutions for the apparent emissivity 
of the surfaces of diffuse conical cavities were de- 
rived by Sparrow and Jonsson [2]. Here, the problem 
is to evaluate an integral of the form 


cos? (0/2) 
2y sin (6/2) 


1 
| €.(t)K3(y. t)dt 
0 


(9) 


where 


[(t — y)? + 6ty sin? (6/2)] 
[(t— y)? + 4ty sin? (6/2)P/? 





Kx(y, )=1—|t—y| 


and y is the ratio of a surface position measured from 
the apex to the total length of a cone. The kernel 
function K:(y, t) has a discontinuous derivative at 
y=t and a problem arises for the case y=0, which by 
visual inspection gives an indeterminant form. This 
suggests a substitution of the form 


Ea(t) = Ea) + Yl 2). (10) 


_ cos?(6/2) | — p . 
2y oie (0/2) i K3(y, t)dt + : K3ly, t)dt 
and performing the indicated integration, we obtain 
= sin (0/2) — 1 cos? (0/2) 
2 sin (6/2) 2y sin (0/2) 


poe tan? or (11) 
{(1 —y)*+ Ay sin” (6/7)}1/2 


I4(y) 








For the case y=0, the second term is an indeter- 
minant, but can be evaluated by L’Hospital’s rule. 
This yields 


1,(0) = 1 — sin® (6/2). (12) 


The integral (9) then becomes 


cos? (8/2) f! 


€a(yL aly) + 2y sin (6/2) Jo 


VtKs(y. t)dt (13) 


where the second term still contains the indetermi- 
nant form for y=0. By letting t>0, and applying 
L’Hospital’s rule, we find that the integrand goes to 
zero. Also, W(0)=0, so that the second term goes to 
zero for y=0, and the limit becomes 


Lim cos? (6/2) 
: ene a ; ; . | €a(t)Ka(y, t)dt = €q(0)[1—sin3 (6/2)]. 
0 


(14) 


This is the same result derived by C. H. Page in an 
internal NBS: Report (1952), where it was intuitively 
assumed that the apparent emissivity at the apex of 
the cone would be independent of the length of the 
cone, or that the cone appears infinite. The upper 
limit of (9) was changed to infinity; this yields €,(t) 
constant, hence equal to €,(0)._ Another way to arrive 
at this limit for the case y=0 is to assume (t)= Ait 
+ Ast? +... in eq (13) and perform the indicated 
integration and limiting process which will give the 
same result as eq (14). 

By making the substitution y= x/L in eq (5) of [2], 
the equation for the apparent emissivity of a cavity 
maintained at uniform temperature is 


édy)=e+(1—e) {eu yyy) 
cos” (0/2) [! 


2y sin (6/2) : VWOKaly. pat| (15) 


which has a unique solution at y=0, 


€ 
e+(1—e) sin® (0/2) 





€«(0) = (16) 


This is the expression for conical cavities shown by 
F. J. Kelly, in a paper soon to be published, as derivable 
from the expression for cavities used by Gouffé. It 
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is also the expression derived by C. H. Page by another 
method (see discussion following eq (14)). Com- 
parison with graphical quantities given in [2] for 
e{ 1 —e,(0)]/—«€) show almost identical agreement. 

As in [2]. numerical solutions were obtained by the 
process of iteration, where initial values of €,(v) were 
computed from 


€ 


Eal yh a 1—-(—lay) 


(17) 


Because graphical presentations have appeared in 
[2]. numerical values are not shown in this paper. 

Equation (17) can be considered a good approxima- 
tion to eq (15) for all cavities with surface emissivities 
equal to or greater than 0.7 and for all cavities with 
apex angles greater than 120° and emissivity greater 
than 0.3. For emissivities and apex angles below 
the values cited above, the deviation between the two 
equations is not acceptable. An example of the per- 
centage deviation 


_ 100 [ealy) — €a(y):] 
Ealy) 





yy) (18) 

















FIGURE 7. Percentage deviation of eq (17) from eq (15) versus position 
from apex of a conical cavity. 
Unless otherwisé noted. surface emissivity. €= 0.3. 


for various apex angles is given in figure 7, where the 
average deviation over the length is —2.3 percent for 
€=0.3 and 0= 45°. 


4. Cavities With Nonisothermal Surfaces 


Equations 1, 2, and 15, are concerned with cavities 
for which the surfaces were assumed isothermal. 
In the succeeding paragraphs, there are presented 
systems for determining the apparent emissivities of 
cylindrical and conical cavities with arbitrary varia- 
tions of surface ‘temverature in respect to dimensions 
of length and radius, assuming the surface emissivity 
is constant and not a function of temperature. 


4.1 Cylindrical Cavity 


For the cylindrical cavity, the integral equations 
take the form 


B 
on = ef(x0) + (1 — €)Gi[€a(x), €a(r)] 


Ea(Xo) = 


(19) 


Eal yal eg(r)+ ii €)G2[€a(x) ] 


oT} (20) 


where 


T*(xo) = To f (xo): f(x) =Co+Ciyt+. . .+Cny™ (21) 


T*(r) = Tég(r); g(r) =14+Dire+. . .+Dzyr2*, (22) 
y=xo/(L/d), Ty is an arbitrary temperature which is 
taken to be the temperature at r=0, and G, and G, 
are the coefficients of (1—e) in (la) and (2a), respec- 
tively. Two sets of integral equations are defined by 


E(xo) = ey" + (1 — €)Gi [En(x), En(r)] (23) 


E,(r)=€+ (1 — ©)G2[En(x)] (24) 


a 


and Mj(xo)=€+ (1 — €)G,[Mj(x), Mi(r)| (25) 


Myr) = ey”) + (1 — €)G2[Mj(x)] (26) 


| ae 


The apparent emissivity is then found from the 
following: 


Ea(Xo) = CoE oxo) + CiE\(xo) = aS CE nlx) 


+ D\M\(x») = a |: D,MAx»o) (27) 


€,(r) = CoE dr) + CiE\(r) Hes: co. Se CE Ar) 


+ D\Miir)+. . .+DgMidr) (28) 























X/L or r/R 


FIGURE 8. Component apparent emissivity values versus position in 
cylindrical cavity (L/d=2.0) for a surface emissivity = 0.9. 


which satisfies (19) and (20) for Cj=Cy—D,—D.—... 
D;, which gives continuity to the temperature at 
xy»=L/d and r=1. Figures 8 and 9 show solutions 
of (23) and (24) for «=0.9 and 0.5, respectively, with 
L/d=2.0, and n=0, 1, 2, 3, and 4. 

One simplifying procedure is to assume that the 
bottom of the cavity is isothermal at temperature 7». 
This eliminates the numerical solutions of (25) and 
(26): and (27) and (28) become 


En(Xo) = > CrE (xo) 


n=0 


(29) 


€,(r) = > CiE,(r). 


n=0 


(30) 
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FIGURE 9. Component apparent emissivity values versus position in 
cylindrical cavity (L/d=2.0) for a surface emissivity = 0.5. 


The ratio of the cavity radiant heat exchange Q with 
the environment through the opening to that of a black 
disk of equal area at temperature 7) is 


Q _« bE [ _ 
oTimR? (1—6©) 45 { (x0) — €a(xo) } dx 





+2/°0 —ed}rdr |= $6.0, 30 


n=0 


where 


€ 


1 ( 
Q), et Bal {xt — Exo) }dx+2 | {1—Ex(r)}rdr| = 
0 0 


l—e 
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TABLE 2. Component thermal characteristics for a_ cylindrical 


cavity, L/d=0.5, with a nonisothermal wall 


0.5 0.7 0.8 0.9 


0.76398 | 0.83139 
76344 
74133 
-73095 
72516 


0.89236 
84298 
82695 
81946 
81530 


0.94823 
92158 
91295 
90893 
.90670 


59722 
56747 
55334 
54539 


79159 
74185 
.72380 
71433 
70850 


85038 
80906 


89769 
86620 
..85485 
84894 
84530 


.93707 
91592 
-90831 
.90436 
90193 


.97066 
-96006 
95627 
95421 
95310 


68571 
11781 
.09700 
08713 
08143 


83139 
08175 


89188 
05731 
04718 
04252 
.03983 


94810 
.02986 
02459 
02219 
02084 


Exo =0) 
(07087 


7422 
4802 
4006 
.3630 3959 
3412 3728 


8104 
9223 


4362 


9619 
6136 
5149 
4703 
4453 




















Component thermal characteristics for a cylindrical 
cavity, L/d=1, with a nonisothermal wall 





0.92309 
82950 
-79050 
76914 
75593 


0.95324 
88782 
86032 
84521 
83583 


76827 
71951 
69291 
67056 


E,\r=0) 


91531 
85305 
82782 
81384 
80500 


94353 
89741 
87869 
86831 
.86170 


96591 
93563 
.92333 
91651 
.73989 91216 
-70148 
09719 
06924 
05704 
.05059 


77174 
08009 
05627 
04613 
04075 


83533 
06114 
04237 
03455 
03043 


89394 
04117 
.02816 
02284 
02007 


Ex» =0) 


8598 
4235 
3100 
2614 
2343 


.9036 
4334 
3149 
-2651 
.2382 


9404 
4401 
3176 
-2671 
.2405 























TABLE 4. Component thermal characteristics for a cylindrical 
cavity, L/d=2, with a nonisothermal wall 





0.6 0.7 0.8 


Ss — i 





0.96371 
85575 
.79923 
-76313 
-73806 


0.97639 
89514 
85163 
82354 
80386 


0.98599 
93171 
90204 
88269 
86902 


E,jr=0) 


.96864 
.90331 
87139 
85166 
83819 


97949 
-93281 
.90974 
89543 
88559 


.98773 
.95796 
94312 
.93388 
.92750 


-77428 
05108 
.02713 
.01890 
01500 


83653 
03755 
.01920 
01309 
01034 


89437 
02455 
01209 
00809 
.00633 


E Ax» =0) 
00292 
8772 


-2863 
-1679 


9142 
-2835 
-1628 

-1210 
-1012 


9463 
-2801 
-1580 
-1167 
0977 


.9746 
2766 
1534 
-1130 
0948 




















Tables 2, 3, and 4 give values of the component 
thermal radiation characteristics E,(r=0), E,(r=1), 
E,(xo=0) and Q, for L/d=2. 1. and 0.5, €=0.5, 0.6, 
0.7, 0.8, and 0.9, and n=0. 1. 2. 3. and 4. For the 
sake of a numerical example, assume a cylindrical 
cavity, €=0.7, where the temperature decreases 
linearly from a temperature 7) at its base to a value 
0.97) at the open end, or, from (21), f(x)=0.6561 + 
0.2916y + 0.0486, + 0.0036y* + 0.0001). For L/d=2., 
from eq (31) and table 4, we find 


Q 
= 0.6561 X 0.9142 + 0.26 .2835 
STiaR® ~ 0-956! X 0,9142 + 0.2916 x 0.2835 


+ 0.048 x 0.1628 + 0.0036 X 0.1210 
+ 0.0001 x 0.1012 = 0.6908 


which is compared to a value of 0.9142 for the iso- 
thermal cavity at 7». 


4.2. Conical Cavity 


For the conical cavity, the integral equation takes 
the form 


Bly : : 
€a(y) a +(1 — €)G;[ea(t)] 


where 
T4y =TH(y =1 4+ Ciyt+Giyt+...+Cmy™ (33) 


and 7) is the temperature at the apex of the cone, 
G;[€a(t)] is the coefficient of (1 — €) in (15) and B(y) is the 
radiant emission. 

A set of m integral equations is defined by 


Ey) =e" (i = €)Gs[€al t)] 
i et oF 


(34) 


Then the apparent emissivity is 


Eal Y) = Edy) + CiE(y) 2 Es CmEnly). (35) 


Evaluation of (34) for substitution in (35) gives an exact 
solution to (32). An approximation from eq (17) useful 
within the limits cited in section 3 is 


ef(y) 
1-(1—614y) 





€a y) = (36) 


5. Discussion 


Sections 2 and 3 present an analytical treatment by 
appropriate substitution in integrals which exhibit 
slope discontinuities or apparent discontinuities or 
both at critical points, such as the corner of a cylin- 
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drical cavity and the apex of a conical cavity. The 
substitutions (3), (4), (7), and (10) make the appropriate 
integrands go to zero when evaluated at the critical 
points and points of slope discontinuity, whereby the 
awkward behavior of the integrand is practically elimi- 
nated. With the transformed problem, as given by 
(la), (2a), and (15), accurate numerical results are 
readily obtained by use of a sufficiently small integra- 
tion step and the fulfillment of the convergence cri- 
terion for the successive iterations. 

It may be remarked that the very good agreement 
found between the numerical results arrived at by 
extrapolation in references 1, 2, and 3, and the rigorous 
analytical formulation given here shows that any error 
introduced by linear extrapolation was negligible. 
However, to avoid the uncertainties involved in ex- 
trapolation, this paper does provide the equations 
(isothermal and nonisothermal) in a direct form for 
computation. The suggested method is equally ap- 
plicable in other cases of integral equations in which 
similar discontinuities are encountered. 

The nonisothermal cylindrical cavity has been 
treated by Sparrow [5]. For the same values of the 
parameters, there is generally good agreement between 
the numerical results presented in this paper and 
reference 5. Two assumptions were made in the 
treatment [5]; namely, (1) the temperature over the 
base of the cavity was isothermal, and (2) the apparent 
emissivity over the base was constant. For relatively 


deep cavities, these assumptions. can be considered 
reasonable, but for shallow cavities there is some ques- 
tion as to the validity of these assumptions. Figures 
2, 3, and 4, for example, show a considerable variation 
of apparent emissivity €,(r) over the base of the cavity. 

Although numerical results are not presented in this 
paper for temperature variations over the base of the 
cavity, this can be accomplished by evaluation of eqs 
(25) and (26). Also, numerical results are presented 


for general linear temperature distributions, but may 
be evaluated for all temperature distributions that may 
be represented in a polynomial or transcendental form. 
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Absolute Value of g at the National Bureau of Standards 
D. R. Tate 


Institute for Basic Standards, National Bureau of Standards, Washington, D.C. 


(April 6. 1966) 


A determination of the absolute value of the acceleration due to gravity has been completed at 


the National Bureau of Standards near Gaithersburg, Maryland. 
station on the floor of the site is 9.801018 m/s? with a standard deviation of 0.3 X 10-5 m/s?. 


The value. reduced to a gravity meter 
The ab- 


solute value. which is 13.2 X 10°-° m/s? (13.2 milligals) less than the corresponding Potsdam value. is 
in general agreement with other recent absolute determinations. 


Key words: Absolute gravity, acceleration, free-fall. ¢. geodesy. gravity. Potsdam system. 


The National Bureau of Standards has recently 
completed a determination of the acceleration due to 
gravity at its new facility near Gaithersburg, Md. 
The measurements were made in the Engineering 
Mechanics Building during the months of April, May. 
and June of 1965. 

The determination was derived from observations 
of the increase in speed of a one-meter fused silica 
tube falling freely within a vacuum chamber which 
was itself falling with approximately the acceleration 
due to gravity. The measurements included data 


from four different fused silica tubes yielding a total 


of 36 sets of observations. Each set was normally 
composed of 16 independent free-fall observations. 
There were no. statistically significant differences 
among the results for the four tubes, the observed 
variations being well within that expected on the basis 
of the standard deviation of 1.4 <X 10-> m/s? found for 
individual sets of observations. 

The determination was made in Room 129 of Build- 
ing 202 at the National Bureau of Standards. The 
site is illustrated in figure 1, taken from the 1965 report 
of D. A. Rice of the U.S. Coast and Geodetic Survey 


to Special Study Group No. 5 of the International . 


Association of Geodesy, for their compilation of ex- 
centers! for World First Order Gravity Stations. 
The absolute determination was made 30 cm east and 
26.3 cm above the point marked NBS-1. The abso- 
lute value was reduced to the reference point NBS—2 
on the floor of the room by gravity meter connections 
made by the U.S. Coast and Geodetic Survey during 
October 1965. These connections are included in 
the report to Special Study Group No. 5.” 

The determination resulted in an absolute value of 
gravity for NBS—2 of: 


g=9.801018 meters/second’. 


The standard deviation of this value based on sta- 
tistical variation but not including systematic error 
was less than 0.3 X 107° m/s.2 

iueodnues are gravity stations located in the vicinity of a primary station and connected 
to it by accurate gravity measurements. A connection to an excenter is equivalent in 
accuracy to a connection to the primary station, 

2 These data are available from the files of the U.S. Coast and Geodetic Survey. 


208-651 O-66—7 


The point NBS-2 has a value of 9.801150 m/s? ob- 
tained by gravity meter connections based on a Pots- 
dam value of 9.80118 m/s? for the national gravity 
base in the Department of Commerce Building in 
Washington, D.C. The absolute value is therefore 
13.2 X 10-° m/s? (13.2 milligals) less than the Potsdam 
value for NBS-2. 

A complete description of the experimental pro- 
cedure will be given in a forthcoming publication. 
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FIGURE 1. Gravity stations at the National Bureau of. Standards. 
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Publications of the National Bureau of Standards* 


Selected Abstracts 


Spot diagrams for the prediction of lens performance from 
design data, O. N. Stavroudis and L. E. Sutton, NBS Mono. 93 
(Sept. 7, 1965), 75 cents. 

This Monograph presents an outline of the methods used at the 
National Bureau of Standards to predict the performance of lenses 
from an analysis of their designs. The technique is based on the 
use of spot diagrams, which are analogs of star image tests, and 
makes extensive use of high-speed digital computers. A collection 
of twenty-one spot diagram analyses is included. 


Standard Reference Materials: Catalog and price list of 
standard materials issued by the National Bureau of Stand- 
ards, NBS Misc. Publ. 260 (Oct. 1, 1965, 45 cents. Supersedes NBS 
Misc. Publ. 241. 

A descriptive listing is given of the many different Standard Refer- 
ence Materials issued by the National Bureau of Standards to 
calibrate a measurement system, or to produce scientific data that 
can be referred to a common base. A schedule of prices and 
amounts, as well as directions for ordering, is included. For com- 
position standards summary tables of analyses are presented, to 
indicate the type of standards presently available. Announcements 
of new standard reference materials will be made in the Federal 
Register, in scientific and trade journals, and in the Technical News 
Bulletin of the National Bureau of Standards. The current status 
of the various standards will be indicated by an insert sheet available 
quarterly from the Bureau. 


Standard Reference Materials: Methods for the chemical 
analysis of NBS copper-base spectrochemical standards, 
R. K. Bell, NBS Misc. Publ. 260-7 (Oct. 25, 1965), 60 cents. 

The methods for chemical analysis described in this publication 
are those used in the laboratories of the National Bureau of Standards 
for the determination of the various constituents of 21 NBS copper- 
base spectrochemical standards. The methods cover procedures 
for the analysis of 7 principal standard alloys known as cartridge 
brass, free-cutting brass, naval brass, red brass, gilding metal. 
commercial bronze, and aluminum brass of nominal, high, and low 
composition. The methods are selected or designed primarily for 
accuracy rather than for speed. References are listed for additional 
information on chemical analysis of copper-base alloys. 


Standard Reference Materials: Analysis of uranium concen- 
trates at the National Bureau of Standards, M. S. Richmond, 
NBS Misc. Publ. 260-8 (Dec. 1, 1965), 55 cents. 

NBS experiences with the problems of assaying uranium con- 
centrates are described. Umpire determinations of uranium were 
performed on several thousands of ore concentrates from world- 
wide sources. Contributions were made to the resolution of the 
sampling base line problem. Also, it was demonstrated that the 
standard U;0., NBS No. 950a, provides the over-all standard 
necessary for precise assay of uranium materials. A comprehensive 
analytical procedure applicable to all types of uranium concentrates 
is presented. 


Standard Reference Materials: Half lives of materials used 
in the preparation of standard reference materials of nine- 
teen radioactive nuclides issued by the National Bureau of 
Standards, S. C. Anspach, L. M. Cavallo, S. B. Garfinkel, J. M. R. 
Hutchinson, and C. N. Smith, NBS Misc. Publ. 260-9 (Nov. 15, 
1965), 15 cents. 

Values are given for the half lives of materials used in the prepara- 
tion of standard samples of Na”, Ca**, Sc#®, Mn*4, Co*7, Co®, Zn®, 
Kr®, Sr, Sr°9, Sr”, Ys, Nb”, [25, Ce}39, Ce!4!, Pm!*", Hg?®s, TR, 
issued by the National Bureau of Standards. Instrumentation, 
source preparation, and the determination of impurities are also 
discussed. 
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Standard Reference Materials: Homogeneity characteriza- 
tion of NBS spectrometric standard II: Cartridge brass and 
low-alloy steel, H. Yakowitz, D. L. Vieth, K. F. J. Heinrich, and 
R. E. Michaelis, NBS Misc. Publ. 260-10 (Dec. 14, 1965), 30 cents. 
Most modern instrumental methods of analysis depend on the use 
of known standards of composition for calibration. Newer analytical 
techniques such as the solids mass spectrometer, laser probe and, 
especially, the electron probe microanalyzer have reduced the 
amount of a sample which can be analyzed quantitatively to a range 
of about 0.1 micrograms to as little as 0.00005 micrograms. As a 
corollary to these microanalytical advances, homogeneity require- 
ments have become severe for the analytical standards. This paper 
describes a continuation of the NBS effort to more fully characterize 
existing standards as to suitability for the new microanalytical 
techniques [1]. An NBS cartridge brass sample in both the wrought 
(NBS-1102) and chill cast forms (NBS—C1102), as well as an NBS 
low-alloy steel sample (NBS-—463), have been investigated by means 
of electron probe microanalysis and optical metallography. Some 
seventeen elements are contained in the brass while twenty-five 
elements are in the steel. Results for ten elements in the steel are 
presented while results for six elements in the brass are given. In 
the steel, Fe, Ni, Cu, and Si are essentially distributed homogene- 
ously at micron levels while Mn, Ta, Nb, Zr, S, and Cr are not. In 
the brass, Cu and Zn are distributed homogeneously at micron levels 
while Pb, S, Al, and Si are not. Electron probe microanalyzer results 
indicate that both NBS-1102 and NBS—-C1102 brass are suitable for 
use as a calibration standard for electron probe microanalysis as 
well as other microanalytical techniques such as the solids mass 
spectrometer. The results for brass have been corroborated by a 
number of laboratories using the electron probe analyzer. 


Accuracy in electrical and radio measurements and cali- 
brations, 1965, ed. R. C. Powell, NBS Tech. Note 262—A (June 15, 
1965), 50 cents. 

NBS estimates of uncertainties associated with physical measure- 
ments, and with some NBS calibration services, are shown by 42 
provisional “accuracy charts.” Each chart is accompanied by a 
facing page giving a brief statement of the state of the art and tenta- 
tive plans for NBS work in areas where improvement is needed. 


Tabulation of published data on Soviet electron devices 
through June 1965, C. P. Marsden, NBS Tech. Note 265 (Sept. 27, 
1965), 50 cents. 

This tabulation includes published data on Soviet electron devices 
as collected from publications, mostly handbooks published by the 
various ministries and institutes of the USSR. Information is 
given on all active devices ranging from receiving to microwave 
devices, semiconductor devices, and miscellaneous devices such as, 
for example, photographic flash tubes and thermistors. 


Voltage ratio detector for millivolt signals, J. R. Houghton, 
NBS Tech. Note 266 (Dec. 13, 1965), 15 cents. 

A voltage ratio detector circuit for measuring ratios of a-c and d-c 
signals 5 millivolts or larger is described. The ratio is determined 
with a precision voltage divider which is accurate to within 0.001 
percent of the indicated ratio when the ratio is near one. The de- 
tector has sufficient sensitivity and stability to indicate differences 
between two signals of 0.01 percent. Experimental results are 
presented to show the relative improvement in sensitivity of this 
voltage ratio detector over the previously used transfer admittance 
method for the calibration of vibration pickups. 


Selected values of chemical thermodynamic properties. 
Part 1. Tables for the first twenty-three elements in the 
standard order of arrangement, D. D. Wagman, W. H. Evans, 
I. Halow, V. B. Parker, S. M. Bailey, and R. H. Schumm, NBS 
Tech. Note 270-1 (Oct. 1, 1965), 65 cents. Supersedes NBS Cir. 500. 
The tables contain values where known of the enthalpy and Gibbs 
energy of formation, enthalpy, entropy and heat capacity at 298.15 





°K (25 °C), and the enthalpy of formation at 0 °K, for all inorganic 
substances and organic molecules containing not more than two 
carbon atoms. In some instances, such as metal-organic com- 
pounds, data are given for substances in which each organic radical 
contains ene or two carbon atoms. 

No values are given in these tables for metal alloys or other solid 
solutions,..fused salts, or for substances of undefined chemical 
composition. 


Spectrochemical analysis: Optical spectrometry, x-ray 
fluorescence spectrometry, and electron probe micro- 
analysis techniques July 1964 to June 1965, ed. B. F. Scribner, 
NBS Tech. Note 272 (Oct. 21, 1965), 50 cents. 

A summary is given of the activities of the Spectrochemical Anal- 
sis Section for the period from July, 1964 through June, 1965. 
Activities in optical spectrometry included studies of excitation 
by ares and sparks in controlled atmospheres and by the laser probe, 
the measurement of arc temperatures, and atomic absorption 
spectrometry. In x-ray spectrometry, methods have been developed 
for the analysis of copper alloys in solution, as well as silver-base, 
and gold-base dental alloys. An electron probe microanalyzer has 
been installed, and a description is given of the modifications that 
have been made to the instrument, the plans for future investiga- 
tions, and some applications. Chemical and physical enrichment 
methods have been developed for the analysis of high-purity tin, 
zinc, and platinum. Homogeneity tests and analyses have been 
performed in the development of standard reference materials. 
Other activities included analyses of samples to assist other NBS 
groups and government agencies, and literature surveys. Listings 
are given of 20 publications and 14 talks by members of the Section 
within the year. 


Flux averaging devices for the infrared, S. T. Dunn, NBS 
Tech. Note 315 (Dec. 9, 1965), 30 cents. 

The spatial and angular sensitivity of infrared detectors recently 
has been investigated. In order to eliminate this effect and obtain 
accurate measurements in the infrared, it is necessary to distribute 
the flux as uniformly as possible over the entire sensitive area of 
the detector. A solution to this problem is presented in the form 
of several averaging devices developed at the National Bureau of 
Standards. Among the devices investigated are roughened NaCl 
windows, diffusing light ducts, and spheres with different coatings. 
Each device was subjected to a series of tests to establish its averag- 
ing capability and useful wavelength range. Results of these tests 
indicate that the use of a small sulfur-coated hollow sphere over 
the detector increased the accuracy of most types of infrared re- 
flectance measurements and, at the same time, decreased the 
requirement for precise optical alignment of the detector in the 
wavelength range of 1.5 to 8 microns. The use of the sulfur-coated 
sphere over a thermopile extends the usefulness of the multiple- 
reflection specular reflectometer to about 10 microns. 


Interference predictions for the instrument landing system, 
G. D. Gierhart and M. E. Johnson, NBS Tech. Note 324 (Sept. 1965), 
30 cents. . 
Co-channel and adjacent-channel interference predictions for the 
Instrument Landing System are presented in this report. Informa- 
tion on the various types of ground facilities involved is given first. 
Propagation mechanisms applicable to the 108 to 112 Me/s frequency 
range are discussed second together with the calculation of trans- 
mission loss and its variability. Third, the statistical treatment of 
interference problems is explained. Finally, the results of the study 
are presented as curves of normalized desired-to-undesired signal 
strength ratios versus distance from the desired station. Aircraft 
altitudes of 1,000, 6,250, 12,000, and 18,000 feet along with station 
separations ranging from 20 to 330 nautical miles were considered. 
Detailed procedures, mathematical formulas, and computer pro- 
grams used are discussed in the Appendices. 


Buffer solutions of tris(hydroxymethyl)aminomethane for 
PH control in 50 weight percent methanol from 10° to 40° C, 
M. Woodhead, M. Paabo, R. A. Robinson, and R. G. Bates, Anal. 
Chem. 37, 1291 (1965). 

Buffer solutions composed of tris(hydroxymethyl)aminomethane and 
its hydrochloride have proved useful for pH control in aqueous 
solutions of pH 7 to 9. The acidity functions p,(awyer) and paj, 


for this buffer system in the solvent 50 wt percent methanol from 
10 to 40° C have been tabulated. These values can serve as refer- 
ence data for the study of pK values and other acid-base properties 
in this solvent. 


Electrode potentials in fused systems. IX. Liquid junction 
potentials in the AgCl-AgBr system, K. H. Stern, J. Electrochem. 
Soc. 112, No. 10, 1049-1050 (Oct. 1965). 

The liquid junction potential in the AgCl-AgBr system was found to 
be a linear function of solution composition. An equation for rela- 
tive anion transport numbers in this system was derived. 


A pulsed refrigeration system for cryogenic magnet applica- 
tion, T. R. Strobridge and D. B. Mann (Proc. 1964 Cryogenic Engi- 
neering Conf., Univ. Pennsylvania, Phila., Pa., Aug. 18-24, 1964), 
Book, Advances in Cryogenic Engineering 10, Paper N-3, 54-61 
(Plenum Press Inc., New York, N.Y., 1965). 

Current research in high energy physics and controlled fusion 
demands magnetic fields of large size and high strength. In certain 
instances it is desirable to operate these magnets at cryogenic 
temperatures. A new system for providing large amounts of refrig- 
eration to a pulsed magnet is proposed. Incorporated into the 
system, whose components are within the state-of-the-art, is a helium 
refrigerator with two expansion engines, a mass of helium in an 
insulated vessel which is used as a heat sink, and two low tem- 
perature circulation pumps. The system can be designed for a 
range of capacities and operating conditions and the results of 
calculations for one particular application are given. 


An anomalous decrease of the elastic moduli at very low 
temperatures in some 300 series stainless steels, R. P. Reed 
and R. P. Mikesell (Proc. 1964 Cryogenic Engineering Conf., Univ. 
Pennsylvania, Phila., Pa., Aug. 18-24, 1964), Book, Advances in 
Cryogenic Engineering 10, Paper A—5, 46-49 (Plenum Press Inc., 
New York, N.Y., 1965). 

Many AISI 300 series steels are used for a variety of applications at 
cryogenic temperatures. For some applications an accurate knowl- 
edge of Young’s Modulus and the shear modulus is very useful. 
For this reason the elastic moduli of a number of materials were 
measured isothermally at low temperatures in conjunction with 
other mechanical property tests by Warren and Reed. Some of 
the 300 series stainless steels exhibited an anomalous decrease 
between 76 °K and 20 °K. This anomaly was further documented 
by additional shear modulus measurements of AISI 302, 303 and 
310 steels in both the annealed and cold-drawn conditions. For 
these tests a torsion apparatus was used to measure the shear 
modulus and a special strain gage extensometer was used to measure 
the Young’s modulus. The decrease in moduli has been attributed 
to a paramagnetic to anti-ferromagnetic transition which occurs in 
18Cr-8Ni alloys in the temperature range 37-42 °K. This paper 
presents a brief summary of the experimental techniques and the 
experimental results of the above program. 


Calibration of microphones, vibration pickups, and ear- 
phones, R. K. Cook, S. Edelman, and W. Koidan, J. Audio Engr. 
Soc. 13, No. 4 290-296 (Oct. 1965). 

Microphones, earphones, vibrators, and vibration pickups are 
needed for precise measurements on sound waves and vibrations 
in the audio-frequency range. Typical problems are the measure- 
ment of noise (sound) produced by machinery, measurement of 
the least amount of sound a person can hear, measurement of vibra- 
tions in rocket engines, etc. Schemes for fundamental calibration 
of the measurement transducers will be described. The calibration 
of microphones used in communications systems is based on the 
fundamental calibration technique. 


Considerations when using turbine-type flow-meters in 
cryogenic service, W. J. Alspach and T. M. Flynn (Proc. 1964 
Cryogenic Engineering Conf., Univ. Pennsylvania, Phila., Pa., 
Aug. 18-24, 1964), Book, Advances in Cryogenic Engineering 10, 
Paper F-3, 246-252 (Plenum Press Inc., New York, N.Y., 1965). 

The turbine type flowmeter is a popular means of measuring cryo- 


genic flow. It has the advantages of small size, light weight, 
repeatability, and low response time. However, when used in 
cryogenic service, considerations should be made for rotor over- 
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speed, thermal effects, viscosity effects, calibration, attitude, piping, 
and reverse flow. This paper discusses these advantages and cryo- 
genic service considerations of turbine type flowmeters. 


Four methods of determining temperature sensitivity of 
strain gages at elevated temperatures, C. H. Melton and R. L. 
Bloss, ISA J. 12, No. 10, 69-74 (Oct. 1965). 

Tests were made to compare four methods of determining the 
temperature sensitivity of bonded resistance strain gages at tem- 
peratures up to 1000 °F (540 °C). The results of these tests indicate 
that the methods give comparable results when the gage is stable 
and the resistance is a nearly linear function of temperature. When 
these conditions do not exist, the choice of method might well be 
determined by the conditions under which the gages are to be used. 


International comparison of dielectric measurements, H. E. 
Bussey, J. E. Gray, E. C. Bamberger, E. Rushton, G. Russell, B..W. 
Petley, and D. Morris, JEEE Trans. Instr. Meas. IM-13, No. 4, 
305-311 (Dec. 1964). 

Three materials, i.e., fused silica, glass, and alumina, were selected 
for comparison based on known or expected homogeneity, isotropy, 
and stability. Measurements were made by the three Government 
laboratories (U. K., U.S. A., and Canada), both in the radio-frequency 
range, using capacitor-type holders either with or without an air gap, 
and at microwave frequencies, using either cavity-resonance methods 
or transmission-line impedance methods. The range among the 
laboratories on the real part of the permittivity is 0.4, 0.8, and 0.2 
percent for the three materials, respectively. The agreement on 
loss tangent is of the order of 0.0001 in many cases, but larger dis- 
crepancies exist. An introductory statistical analysis for systematic 
differences between laboratories is given. 


DC dielectric conductance ( reciprocal resistance) and con- 
ductivity (reciprocal resistivity) measurements, A. H. Schott, 
Book, Testing of Polymers 1, ch. 6, 213-236 (Interscience Publ. Inc., 
New York, N.Y., 1965). 

Methods of making d.-c. conductance (reciprocal resistance) meas- 
urements on polymer materials are discussed, giving precautions 
required and the range of conductances which can be measured. 
A new term “d.-c. dielectric conductance” is introduced. Insula- 
tion conductance, volume and surface conductance, volume and 
surface conductivity are redefined. Types of contact electrodes 
which can be used on polymer materials are discussed. 


Dispersion characteristics of the 1.15 s He-Ne laser line, 
H. S. Boyne, M. M. Birky, and W. G. Schweitzer, Jr., Appl. Phys. 
Letters 7, No. 3, 62-65 (Aug. 1, 1965). 

The frequency dispersion of the 1.15 laser line due to mode 
pushing effects has been observed by optically pumping the rela- 


tive excitation density of the 2s,-2p, neon transition with He and 
Ne lines. 


Adhesive bonding of various materials to hard tooth tissues. 
II. Bonding to dentin promoted by a surface-active com- 
onomer, R. L. Bowen, J. Dental Res. 44, No. 5, 895-902 (Sept.- 
Oct. 1965). 

The strength of bonds between a direct filling acrylic resin and dentin 
surfaces tested in tension after soaking for 20 hours in water, was 
only 0 to 20 pounds per square inch when the dentin was treated 
with one of the following: nothing: cavity primer; cavity seal; 
ethanol; and 5 percent ethanol solutions of oleic acid, chinawood 
fatty acid, and N-phenylglycine. A quick-setting and a general- 
purpose epoxy resin gave similar results. A surface-active com- 
onomer the addition reaction product of N-phenylglycine and 
glycidyl methacrylate (NPG-GMA), was synthesized for use as 
a coupling agent between the resin and the substrate. When a 5% 
solution of NPG-GMA was applied before the methacrylate resin, 
the average tensile strength of the bond was between 150 and 320 
pounds per square inch. Reapplication of this NPG-GMA solu- 
tion and resin without resurfacing between tests gave successively 
increasing values to 660 pounds per square inch, which dropped 
significantly when the same specimens of dentin were resurfaced, 
following this series of tests, before reapplication of the NPG-GMA 
solution. 


Adhesive bonding of various materials to hard tooth tissues. 
III. Bonding to dentin improved by pretreatment and the 
use of surface-active comonomer, R. L. Bowen, J. Dental Res. 
44, No. 5, 903-905 (Sept.-Oct. 1965). 

The average tensile strength of bonds between a direct filling resin 
and five dentin surfaces after soaking for 20 hours in water ‘was 
between 390 and 780 pounds per square inch when the dentin was 
treated with a five percent ethanol solution of NPG-GMA (adduct 
of N-phenylglycine and glycidyl methacrylate). After exposure of 
the bond to water for 19 days, significant adhesion was retained. 
The value was only 0 to 10 pounds per square inch when the dentin 
was untreated or treated with: 2-hydroxypropyl methacrylate or 
5 percent ethanol solutions of stearic acid, 12-hydroxy stearic acid, 
stearoyl sarcosine and oleoyl sarcosine, respectively. Pretreat- 
ment of the dentin surface with dilute acid or base, followed by 
rinsing and blotting, prior to application of the NPG-GMA, gave 
the highest adhesion values. Such treatment with 0.01 N NaOH 
gave an average of 950 pounds per square inch after one day in water. 


Adhesive bonding of various materials to hard tooth tissues. 
IV. Bonding to dentin, enamel, and fluorapatite improved 
by the use of a surface-active comonomer, R. L. Bowen, J. 
Dental Res. 44, No. 5, 906-911 (Sept.-Oct. 1965). 

The addition reaction product of N-phenylglycine and glycidyl meth- 
acrylate (NPG-GMA) improved the water-resistant bonding be- 
tween three direct filling resin formulations and the surfaces of 
dentin, enamel and fluorapatite. Single crystals of the natural 
mineral fluorapatite were used because of the similarity between 
fluorapatite and hydroxyapatite, the chief mineral of the hard 
tooth tissues. Since the NPG-GMA improved the bonding to 
the fluorapatite surfaces, which contain no organic material, the 
collagen and other organic constituents of enamel and dentin were 
not essential to the mechanism of bonding produced by the NPG- 
GMA. It does not follow, however, that the organic constituents 
did not play a role in the bonding. One of the resin formulations 
containing vinylsilane-treated fused-silica particles as a reinforcing 
filler, gave significantly higher bond strengths than did the control, 
the same resin prepared with polymer powder instead of the silica 
powder. Average bond strengths were no different when the speci- 
mens had been immersed in water for three days or for one day. 
Average bond strengths of 1,100, 770 and 1,100 pounds per square 
inch, on surfaces of dentin, enamel and fluorapatite, respectively, 
resulted from the NPG-GMA treatment following a treatment with 
EDTA (one- and three-day immersion data combined). 


Major revisions made in new dry cell standard, W. J. Hamer, 
Mag. Std. 36, No. 10, 306-308 (Oct. 1965). 

The eighth edition of the American Standards Association Specifica- 
tion on Dry Cells and Batteries included a number of new features. 
The new specification includes nonenclature, sizes, test procedures, 
and performance data on alkaline manganese dioxide, zinc-silver 
oxide, and sealed nickel-cadmium cells which had not been included 
in previous specifications. New tests, designed to evaluate these 
types of cells, are discussed. The new specification also includes 
data on cells for battery-operated watches, safety flashers, and 
electronic photoflash equipment. Those are mentioned in this 
general article. 

Members of the new Committee with the organization or company 
they represent are included for general interest. 


A precision noise-comparator, M. G. Arthur, C. M. Allred, and 
M. K. Cannon, JEEE Trans. Instr. Meas. IM-13, No. 4, 301-305 
(Dec. 1964). 

This paper describes a prototype noise power comparator based 
upon a theory given by Allred. Operating at 3 MHz, it is a null- 
type instrument, the principal components of which are a hybrid 
four-port, a stable CW generator, a precision attenuator, a dual- 
channel amplifier and bandpass filter, and an analog multiplier. 
Unlike other radiometers, no rapid switching of the noise power or 
reference voltage is performed. 

The instrument can compare noise powers having effective noise 
temperatures in the range from below liquid nitrogen temperature to 
greater than 30,000°K. Two noise generators having known spectral 
densities are used to calibrate the comparator. The uncertainty 


of comparison is less than 1% at 75 °K and decreases to 0.2% at 
29,000 °K. 


153 





A variable characteristic impedance coaxial line, J. E. Cruz 
and R. L. Brooke, JEEE Trans. Micro Theory Tech. MTT-13, No. 4, 
477-478 (July 1965). 

The development of Time Domain Reflectometry for UHF and micro- 
wave impedance measurements in coaxial systems has created a 
problem of calibrating the TDR system for accurate measurements 
of small reflections. A need for coaxial impedance standards has 
been resolved by the development of a variable impedance device 
which can be calibrated by the use of fixed coaxial standards. 

This paper deals with the design and analysis of a variable impedance 
line. This line is described and its performance characteristics are 
discussed. Its measured characteristic impedance is compared at 
discreet points with the impedance obtained from empirical and 
approximate theroetical formulas. 


Study of methods for estimating loudness, E. L. R. Corliss and 
G. E. Winzer, J. Acoust. Soc. Am. 38, No. 3, 424-428 (Sept. 1965). 
The methods for computing loudness developed by Dr. K. E. Zwicker 
and Prof. S. S. Stevens were applied to several complex sounds 
encountered in our work on architectural acoustics. The loudnesses 
computed on the basis of Stevens’ method did not agree closely with 
the loudnesses computed by Zwicker’s method, and the results 
obtained by using the two methods were not related to one another 
in any consistent way. Further, studies with subjects showed that 
both sets of computations gave results at variance with the responses 
of the subjects. Investigation of the loudness vs. frequency contours 
for our subjects showed closer conformity to the Fletcher and 
Munson data than to the more recent equal-loudness contours re- 
ported by the National Physical Laboratory, the functions reported 
by Zwicker, of the band-pressure levels that form the basis for the 
loudness weighting in Stevens’ method. However, this feature does 
not suffice to account for the discrepancies observed. 


Acoustical thermometer, H. H. Plumb and G. Cataland, Science 
150, No. 3693, 155-161 (Oct. 8, 1965). 

A limited discussion of the absolute thermodynamic temperature 
seale and its realization is introductory. Because conventional low 
temperature absolute thermometry possesses certain inherent difh- 
culties, a different approach has been undertaken at the National 
Bureau of Standards. Isotherms of the speed of sound in helium gas 
as a function of pressure are discussed as a means for determining 
values of absolute temperature. The NBS Acoustical Thermometer 
which is employed in determining the speed-pressure isotherms is 
described. A new scale NBS P 2-20 (1965) has resulted and in its 
regions of overlap (2-5 °K; and 12-20 °K) with other existing tempera- 
ture scales, a comparison between scales has been made. 


An international comparison of inductive voltage divider 
calibrations at 400 to 1000 Hz, W. C. Sze, A. F. Dunn. and T. L. 
Zapf. IEEE Trans. Instr. Meas. IM-14, No. 3, 124-131 (Sept. 1965). 
The establishment and maintenance of the highest possible order of 
accuracy for the measurements of voltage ratio and phase angle are 
responsibilities of the national laboratories. This paper reports the 
results of an international comparison of a seven-decade inductive 
voltage divider by the United States National Bureau of Standards 
and the National Research Council of Canada. The calibration 
techniques used in each laboratory are discussed in detail, and the 
results of calibration at 400 and 1000 Hz are compared. The accu- 
racies of measurements are within 0.1 ppm of input for voltage ratio 
and 1 (setting of dials)'/? microradians for phase angle. 


An image source technique for calculating reflection of 
gamma rays or neutrons, C. Eisenhauer, Health Phys. 11, 1145- 
1154 (1965). 

A simplified representation for the problem of a point source and 
point detector located above an. interface is discussed. It is shown 
that the geometrical effects can be taken into account by a simple 
scaling function. For a given material and radiation the remaining 
effects depend primarily on one angular variable with only a second- 
ary dependence on the ratio of source distance to detector distance 
from the interface. Applications are made to neutrons, gamma rays. 
and particles whose energy does not change with scattering (one- 
velocity case). The analogous representation for problems in trans- 
mission of radiation through slabs is also discussed. 


Rotating shutter for time-resolved spectroscopy in the 
microsecond range, I. R. Bartky and A. M. Bass. Appl. Opt. 4, 
No. 10, 1354-1356 (Oct. 1965). 

A rotating shutter used to obtain time resolved absorption spectra 
free from unwanted thermal radiation is described. Stability is 
obtained by the use of a photomultiplier tube to generate reproduc- 
ible timing pulses which control a commercially available inexpen- 
sive delay unit. Time resolution of 10 wsec is possible: the shutter 
can open and close in approximately 100 wsec. Examples are given 
of the application of this shutter to time-resolved absorption spectra 
of flash vaporized metals. 


Solution polishing of oriented single crystals, R. D. Deslattes. 
B. G. Simson, and A. T. Horton, Rev. Sci. Instr. 36, No. 7, 943-944 
(July 1965). 

Techniques for the x-ray alignment and solution polishing of oriented 
single crystals are described. These are shown to yield strain-free 
surfaces which are closely parallel to the atomic planes and reason- 
ably flat. 


Stress-strain relationships in yarns subjected to rapid impact 
loading. Part XI: Strain distributions resulting from rifle 
bullet impact, J. C. Smith, C. A. Fenstermaker, and P. J. Shouse, 
Textile Res. J. 35, No. 8, 743-757 (Oct. 21, 1965). 

If a textile yarn, marked at intervals along its length, is struck trans- 
versely by a rifle bullet, a flash photograph taken shortly after impact 
will reveal a shifting of the marks caused by passage of a strain wave. 
Analysis of these shifts provides data on the distribution of strain and 
strain velocity in the wave. Tests were performed on specimens of 
a high tenacity nylon and a high tenacity polyester yarn, to determine 
strain-velocity distributions at various times after impact and at 
various impact velocities. The observed distributions were then 
compared with the predictions of a theory which assumed that stress- 
strain behavior was independent of strain rate. From discrepancies 
between theoretical and observed results it was concluded that at 
strain levels up to 9%, significant creep and stress relaxation 
occurred within 30 usec after impact, but in the time interval 30 
psec to 300 usec, creep and stress relaxation were negligible. For 
strains of the order of 1%, the 30 usec creep and stress relaxations 
at the point of impact were of the order of 15% and 25% respectively. 


Determination of tellurium by cathode-ray polarography, 
E. J. Maienthal and J. K. Taylor, Anal. Chem. 37, No. 12, 1516-1519 
(Nov. 1965). 

The determination of trace amounts or greater of tellurium in car- 
tridge brass and in white cast iron may be conveniently done by 
cathode-ray polarography. Tellurium is separated from the car- 
tridge brass by ammonium hydroxide precipitation using an iron 
carrier. Tellurium is separated from the white cast iron by precipi- 
tation with sulfur dioxide using a selenium carrier. In 1.5 M phos- 
phoric acid, the results by cathodic scan are linear between about 
0.05 and 0.7 ppm of tellurium in the final solution. Above this 
range, nonlinear peak currents are obtained but by the use of the 
anodic scan, the limit may be extended to about 5 ppm. The method 
should also be applicable to many other materials. 


Electrodeposition of alloys, past, present, and future, A. 
Brenner, Plating 52, No. 12, 1249-1257 (Dec. 1965). 

The principles of alloy plating are presented by considering the 
feasibility of electrodepositing alloys containing either thallium, 


gallium, or bismuth as one of the metals. A discussion of the 
commercial aspects of alloy plating is based on a sampling of 
industry. 


Physical and mechanical properties of electrode-deposited 
copper. 1. Literature survey, V. A. Lamb and D. R. Valentine, 
Plating 52, No. 12, 1289-1311 (Dec. 1965). 

The American Electroplaters’ Society and the Internation Copper 
Research Association, Inc., as joint sponsors, support a Research 
Associate at the National Bureau of Standards for a study of the 
physical properties of electrodeposited copper. A review of the 
literature on this subject has been carried out as the first phase of this 
study. About 160 papers containing significant data were found, 
dating from 1899. The data are summarized in 15 tables. Some of 
the prominent features disclosed by the tabulation and analysis of 
these data are as follows: (1) Most of the data are for deposits from 
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the sulfate bath. Very few property determinations have been 
reported for deposits from cyanide, fluoborate, or pyrophosphate 
baths, and none for deposits from less common baths. (2) The rela- 
tionships normally expected between properties and operating condi- 
tions of plating baths tend to be followed, but many exceptions exist. 
For the sulfate bath especially, poor agreement of data from different 
workers is noted, making it difficult to draw firm conclusions on a 
number of interrelations. The probable cause of the inconsistencies 
is discussed. (3) Gaps where additional data would be useful are 
evident from the lack of data in many areas in the tables. The paper 
concludes with an indexed bibliography of 163 references. 


Calibration of peak A-C to D-C comparators, D. Flach and L. A 
Marzetta, (ISA 20th Annual Conference and Exhibit, Los Angeles, 
Calif., Oct. 4-7, 1965), ISA Preprint 14.2-3-65 (1965). 

Recent developments in commercial electronic power supplies have 
made practical the use of peak a-c to d-c comparison for measuring 
a-c voltage. This paper describes two methods that have been 
developed at NBS for testing peak a-c to d-c comparators at the 10 
and 20 volt level over a frequency range of 50 Hz to 4800 Hz. These 
two methods yield results which agree well within 50 parts per 
million. 


Evidence for an electrochemical-mechanical stress corro- 
sion fracture in a stainless steel, H. L. Logan, M. J. McBee, and 
D. J. Kahan, Corrosion Sci. 5, 729-730 (1965). 

An electrochemical-mechanical theory of stress-corrosion cracking 
for stainless steel is postulated, in which mechanical fractures are 
triggered by an electrochemical reaction but progress only a very 
short distance before they are stopped by the energy requirements 
for cold working the metal at the tip of the crack. An electronmicro- 
graph of the surface of a stress-corrosion fracture in a type 321 
stainless steel shows serrations that could result from the proposed 
mechanism. 


Preparation of copper crystals with low electrical resistivity, 
J. J. Gniewek and A. F. Clark. J. Appl. Phys. 36, No. 10, 3358-3359 
(Oct. 1965). 


The need for high purity single crystals in the study of the galvano- 


magnetic properties of metals has been described by Kunzler. To 
provide samples for a project concerned with the low temperature 
magnetoresistance of copper. we have prepared large copper single 
crystals with resistivity ratios between room temperature (300 °K) 
and liquid helium temperature (4.0 °K) of approximately 20,000. 


Cesium beam atomic time and frequency standards, R. E. 
Beehler, R. C. Mockler. and J. M. Richardson, Metrologia 1, No. 3, 
114-131 (July 1965). 

In recognition of the October 1964 declaration of the: International 
Committee of Weights and Measures that the physical measurement 
of time be based on a particular transition between two hyperfine 
levels in the ground state of cesium 133, a review of the character- 
istics of cesium beam atomic frequency standards is presented. 
This article discusses the general requirements for frequency and 
time standards, advantages offered by the atomic standard as com- 
pared to astronomical standards. various other atomic standards in 
brief. the operating principles of cesium standards. measures of 
performance, error sources in cesium standards, characteristics of 
several standards in current operation, comparison of cesium stand- 
ards, and atomic time standards derived from atomic frequency 
standards. 


International weights and measures, C. H. Page, (ISA 20th 
Annual Conference and Exhibit, Los Angeles, Calif., Oct. 4-7, 1965), 
ISA Preprint 33.3-1-65 (1965). 

A brief survey of the background, organization, and operation of the 
International Bureau of Weights and Measures and _ related 
committees. 


Measurement pontnet, A. G. MeNish, Intern. Sci. Tech., 58-66 
(Conover-Mast. Publ., New York, N.Y., Nov. 1965). 

This article is a general discussion of the philosophic and _his- 
torical basis of our measurement system and its current state of 
development. 


Density expansion of the viscosity of a moderately dense gas, 


J. V. Sengers. Phys. Rev. 139, No. 4A, A1281-A1291 (Aug. 16, 1965). 


Recently some authors (Weinstock. Dorfman. and Cohen and others) 
have pointed out that beyond a certain order the coefficients of the 
formal series of the transport coefficients in power of the density 
become infinite. Their arguments are based on the fact that the 
phase volume associated with certain dynamical events diverges. 
In the present paper, the first density correction of the viscosity for 
a gas of rigid spheres in two dimensions (rigid disks) is discussed. 
The analysis shows that the triple collision contribution to the vis- 
cosity indeed diverges logarithmically with the time between colli- 
sions and that the coefficient of the divergence is nonvanishing in the 
first Enskog approximation. At least for the model considered. this 
result rules out the possibility of certain cancellations not covered 
explicitly by the arguments of the previous investigators. The 
possibility that as a consequence the viscosity depends logarith- 
mically on the density is indicated. 


Investigation of the anomaly in the response of silicon semi- 
conductor radiation detectors at low temperatures, W. R. 
Dodge, S. R. Domen. A. T. Hirshfeld, and D. D. Hoppes, JEEE Trans. 
Nuclear Sci. XX NS-12, No. 1, 295-303 (1965). 

Investigation of the response anomaly in silicon semiconductor radia- 
tion detectors cooled to temperatures below 40 °K has been con- 
tinued. Experiments with surface barrier detectors show that the 
mean temperature at which normally ionized impurity atoms accept 
electrons (as deduced from dE/dx measurement of the depletion 
depth) is a slowly varying function of the impurity concentration. 
This behavior is expected from the dependence of the Fermi level 
on the temperature, impurity concentration and ionization energy. 
Below the narrow temperature interval-in which the majority of the 
impurity atoms accept electrons and hence become electrically 
neutral, particles which produce low ionization densities (beta par- 
ticles) produce pulse heights with room temperature magnitudes, 
while particles with high ionization densities (alpha particles) pro- 
duce pulse heights which are lower than those characteristic of 
room temperature operation and which depend on the detector bias 
voltage. The results of experiments conducted to investigate polari- 
zation effects in lithium-drifted semiconductor radiation detectors are 
described. 


Precision refractometry of small lens-shaped objects, J. R. 
Meyer-Arendt, Lab. Invest. 13, No. 5, 529-532 (1965). 

The refractive index of small transparent objects can be determined 
by a moiré fringe technique. A series of model experiments has 
been carried out, using lens-shaped glass objects and liquids of dif- 
ferent refractive index. Good agreement is found between the 
theoretical derivations and the actual appearance of the moiré 
patterns. 


Ultrasonic determination of crystalline resonances and 
sound velocities, using NMR techniques, R. J. Mahler, and 
W. H. Tannttila, J. Acoust. Soc. Am. 38, No. 3, 429-432 (Sept. 1965). 
In this paper we describe a technique using nuclear spin saturation 
which will accurately determine crystal sonic resonances and meas- 
ure sound velocities at any temperature, and in particular, when the 
crystal is immersed in a liquid coolant such as liquid nitrogen. The 
results of the experiment show that the internal energy density 
increases by a factor of 10 as one changes the frequency from non- 
resonance to resonance. We derive an expression relating the 
voltage on a driving transducer bonded on one end of the crystal to 
the internal energy density of the added phonons and compare this 
with our experimental results. 


Other NBS Publications 


J. Res. NBS 70A (Phys. and Chem.), No. 1 (Jan.-Feb. 1966), 
cents. 

Optical and magnetic spectra of bis-N-propylsalicylaldiminato copper 
(II). C. W. Reimann, G. F. Kokoszka, and H. C. Allen, Jr. 

Phase equilibria in the system niobium pentoxide— germanium 
dioxide. E. M. Levin. 

Phase equilibria in the system niobium pentoxide-boric oxide. 
E. M. Levin. 

The solution to a nonlinear Lamm equation in the Faxén approxima- 
tion. I. H. Billick and G. H. Weiss. 

A line formula notation system for coordination compounds: III 
Deviations from idealized configurations. E. Silverton and R. F 
Pasternack. 
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The spherulitic crystallization of isotactic polypropylene from solu- 
tion: On the evolution of monoclinic spherulites from dendritic 
chain-folded crystal precursors. F. Khoury. 

Wavelengths, intensities, and Zeeman patterns in ytterbium spectra 
(Yb I, I, (11, 1V). W. F. Meggers and C. H. Corliss. 


J. Res. NBS 70A (Phys. and Chem.), No. 2, (Mar.-Apr. 1966), 

75 cents. 

Mechanism of the depolymerization of polytetrafluoroethylene with 
pyrolytic and radiolytic initiation. R. E. Florin, M. S. Parker, and 
L. A. Wall. 

Effect of some halogenated hydrocarbons on the flame speed of 
methane. C. Halpern. 

Rupture-disk ampoule for anhydrous addition-of hydrogen fluoride. 
A. R. Glasgow, Jr. 

Further studies in the annealing of a borosilicate glass. 
and A. Napolitano. 

Infrared spectra of the hydrated borates. C. E. Weir. 

{nterpretation of the solution absorption spectra' of the (PuQ.)++ 
and (NpO2)* ions. J. C. Eisenstein and M. H. L. Pryce. 

Vapor pressure and heat of sublimation of rhenium. E. R. Plante 
and R. Szwarc. 

Steady-state response of silicon radiation detectors of the diffused 
p-n junction type to x-rays. II: Photodiode mode of operation. 
K. Scharf and J. H. Sparrow. 


Absolute isotopic abundance ratios and the atomic weight of a 


S. Spinner 


reference sample of chromium. W. R. Shields, T. J. Murphy, 


E. J. Catanzaro, and E. L. Garner. 


J. Res. NBS 70B (Math. and Math. Phys.), No. 1 (Jan.-Mar. 

1966), 75 cents. 

Invariant properties of the spheroidal potential of an oblate planet. 
J. P. Vinti. 

Inclusion of the third zonal harmonic in an accurate reference 
orbit of an artificial satellite. J. P. Vinti. 

On EPr and normal EPr matrices. I. J. Katz and M. H. Pearl. 

The Bernstein form of a polynomial. G. T. Cargo and O. Shisha. 

Remarks on measurable sets and functions. R. O. Davies. 


The form factor for the Fermi model spatial distribution. 


ee on 
Maximon and R. A. Schrack. 

Tables for the evaluation of the Faxén approximation to the solution 
of the Lamm equation. M. Dishon and G. H. Weiss. 


Oxidation of polycylic, aromatic hydrocarbons. A review of the 
literature, R. S. Tipson, NBS Mono. 87 (Sept. 17, 1965), 40 cents. 

Specifications, tolerances, and other technical requirements for 
commerical weighing and measuring devices, NBS Handb. 44—3d 
Edition (Oct. 12, 1965), $2.00. Supersedes NBS Handb. 44-—2d 
Edition. 

Safety rules for the installation and maintenance of electric supply 
and communication lines, Supplement 1 to NBS Handbook 81 
(Dec. 15, 1965). 

Calibration and test services of the National Bureau of Standards, 
NBS Misc. Publ. 250, 1965 Edition (Oct. 28, 1965). $1.00. Super- 
sedes 1963 edition. 

Automotive lifts, CS142—65 (Sept. 1, 1965), 10 cents. 
CS142-62. 

Acrylonitrile-butadiene-styrene (ABS) plastic drain, waste, and vent 
pipe and fittings, CS270—65 (Apr. 1, 1965). 15 cents. 

Polyvinyl chloride (PVC) plastic drain, waste, and vent pipe and 
fittings, CS272—65 (Apr. 1, 1965). 15 cents. 

Standard stock sizes of machined tool steel bars (flast and squares), 
SPR267—65 (Aug. 15, 1965). 10 cents. 

The normal phase variations of the 18 ke/s signals from NBA ob- 
served at College, Alaska, J. H. Crary and A. C. Murphy, NBS 
Tech. Note 206—4 (Sept. 30, 1965), 25 cents. 

The normal phase variations of the 16 kc/s signals from GBR ob- 
served at College, Alaska, J. H. Crary and A. C. Murphy, NBS 
Tech. Note 206-5 (Sept. 30, 1965), 30 cents. 

HAYSTAQ. A mechanized system for searching chemical infor- 
mation, E. C. Marden, NBS Tech. Note 264 (Sept. 27, 1965), 50 
cents. 

Organic chemistry: Radioactive carbohydrates, sugars in solution, 
aldol condensations, molecular structure, synthesis of selected 


Supersedes 


compounds, air pollution studies, reference materials (organic), 
July 1964 to June 1965, ed. H. S. Isbell, NBS Tech. Note 274 (Dec. 
3, 1965), 60 cents. 

A method for obtaining the parameters of electron-density profiles 
from topside ionograms, R. S. Lawrence and M. Hallenbeck, NBS 
Tech. Note 315 (Aug. 3, 1965), 25 cents. 

Boiling heat transfer for oxygen, nitrogen, hydrogen, and helium, 
E. G. Brentari, P. J. Giarratano, and R. V. Smith, NBS Tech. Note 
317 (Sept. 20, 1965), 60 cents. 

Numerical values of the path integrals for low and very low fre- 
quencies, L. A. Berry and M. E. Chrisman, NBS Tech. Note 319 
(Sept. 2, 1965), 55 cents. 

Spark planning damage in copper, J. J. Gniewek, A. F. Clark, and 
J. C. Moulder, NBS Tech. Note 321 (Sept. 6, 1965), 15 cents. 

Surface tensions of normal and parahydrogen, R. J. Corruccini, NBS 
Tech. Note 322 (Aug. 11, 1965), 20 cents. 

Refractive index and dispersion of liquid hydrogen, R. J. Corruccini, 
NBS Tech. Note 323 (Sept. 24, 1965), 25 cents. 

Numerical simulation of ionospheric wave interaction experiments, 
T. M. Georges, NBS Tech. Note 325 (Oct. 25,1965), 30 cents. 

Electrode potentials in fused systems. IX. Liquid junction poten- 
tials in the AgCl-AgBr system, K. H. Stern, J. Electrochem. Soc. 
112, No. 10, 1049-1050 (Oct. 1965). 

Isotopic mixing in nitrogen chemisorbed on W, J. T. Yates, Jr., and 
T. E. Madey, J. Chem. Phys. 43, No. 3, 1055-1059 (Aug. 1, 1965). 

Matrix isolation study of the reaction of Cl atoms with CO. The 
infrared spectrum of the free radical CICO, M. E. Jacox and 
D. E. Milligan, J. Chem. Phys. 43, No. 3, 866-870 (Aug. 1, 1965). 

Random-walk model of chain-polymer adsorption at a surface, R. J. 
Rubin, J. Chem. Phys. 43, No. 7, 2392-2407 (Oct. 1, 1965). 

Some electrochemical aspects of germanium dissolution. Valence 
states and electrode potential, W. E. Reid, Jr., Phys. Chem. 69, 
No. 9, 3168-3171 (Sept. 1965). 

Theoretical electromotive forces for cells containing a single solid 
or molten oxide, W. J. Hamer, J. Electroanal. Chem. 10, 140-150 
(1965). 

Avoiding errors from stray radiation in measuring the spectral emit- 
tance of diffusely reflecting specimens, H. E. Clark, Appl. Opt. 
Letter to Editor 4, No. 10, 1356-1357 (Oct. 1965). 

Nucleate and film pool boiling design correlations for O2, No, and He, 
E. G. Brentari and R. V. Smith, (Proc. 1964 Cryogenic Engineer- 
ing Conf., Univ. Pennsylvania, Phila., Pa., Aug. 18-24, 1964), 
Book, Advances in Cryogenic Engineering 10, Paper T—1, 325-341 
(Plenum Press Inc., New York, N.Y., 1965). 

Production of alumina windows, H. Johnson and R. D. Deslattes, 
Rev. Sci. Instr. 36, No. 9, 1381-1382 (Sept. 1965). 

Solid-vapor equilibrium in the system hydrogen-methane, M. J. 
Hiza and R. N. Herring, (Proc. 1964 Cryogenic Engineering Conf., 
Univ. Pennsylvania, Phila., Pa., Aug. 18-24, 1964), Book, Ad- 
vances in Cryogenic Engineering 10, Paper Q—5, 182—191 (Plenum 
Press Inc., New York, N.Y., 1965). 

Transfer line surge, W. G. Steward, (Proc. 1964 Cryogenic Engineer- 
ing Conf., Univ. Pennsylvania, Phila., Pa., Aug. 18-24, 1964), 
Book, Advances in Cryogenic Engineering 10, Paper I-3, 313-322 
(Plenum Press Inc., New York, N.Y., 1965). 

The international system of units, A. G. McNish, Mater. Res. Stds. 
5, No. 10, 528-532 (Oct. 1965). 

Inelastic scattering of electrons by helium, G. E. Chamberlain and 

. G. M. Heideman, Phys. Rev. Letters 15, No. 8, 337-338 
(Aug. 1965). 

Infrared measurements on allene and allene-d;, A. G. Maki and 
R. A. Toth, J. Mol. Spectr. 17, No. 1, 136-155 (July 1, 1965). 

Interaction between configurations with several open shells, U. 
Fano, Phys. Rev. 140, No. 1A, A67—A75 (Oct. 4, 1965). 

Nuclear resonance spin-echo study of Eu'** in EuO, G. A. Uriano and 
R. L. Streever, Physics Letters 17, No. 3, 205-206 (July 15, 1965). 

Nuclear resonance study of gallium-substituted yttrium iron garnet, 
R. L. Streever and G. A. Uriano, Phys. Rev. 139, No. 1A, A305- 
A313 (July 5, 1965). 
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